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En els darrers anys, degut a una creixent preocupació sobre els possibles efectes nocius de les 
emissions de gasos procedents de l’ús continu de gasolines, la composició d’aquestes ha patit 
canvis importants. La prohibició dels additius amb plom així com la limitació de compostos 
aromàtics han donat lloc a una gran expansió arreu del món de l’ús del que es coneixen com 
additius oxigenats de la gasolina. Aquest compostos son principalment molècules que tenen 
dins la seva estructura almenys un àtom d’oxigen. Normalment acostumen a ser èters o 
alcohols. De tots els més utilitzats a nivell mundial son el metil tert butil èter (MTBE), seguit 
pel etil tert butil èter (ETBE). Aquests compostos degut a les seves propietats físiques i 
químiques han esdevingut uns contaminants persistents i recalcitrants de les aigues a tot el 
món. 
 
Degut a la problemàtica generada per la contaminació del recursos hídrics és important 
aprofundir en el coneixement del seu comportament en el medi ambient per tal de obtenir 
eines que permetin modelitzar i estudiar tant la seva dispersió com la seva remediació. La 
present tesi doctoral ofereix un estudi termodinàmic important d’aquest compostos i estudia 
diferents tècniques de remediació. 
 
Aquest treball s’estructura en quatre capítols ben diferenciats. El primer d’ells consisteix en 
una introducció a la problemàtica, la situació actual de la informació física i química de la 
qual es disposa i de les tècniques existents per al tractament d’aigües contaminades. 
 
El segon capítol està enfocat  a obtenir i millorar la informació termodinàmica. S’estudia com 
la temperatura afecta a les interaccions dels additius oxigenats amb diferents constituents de 
les benzines com son els BTEX (benzè, toluè, etilbenzè i xilens), alcans o compostos de 
degradació dels oxigenats com pot ser el tert butil alcohol. En aquest capítol s’aporta nova 
informació termodinàmica prèviament no reportada en la literatura en termes de propietat 
físiques (densitat i velocitat de so), equilibri vapor líquid i equilibri líquid líquid (en forma de 
solubilitat en aigua). Com a resultat d’aquest capítol cal remarcar la caracterització de 25 
sistemes binaris i els seus compostos purs en termes de propietat física, 3 equilibris binaris 
líquid vapor i finalment l’estudi de la solubilitat dels èters més utilitzats com additius 
oxigenats com a funció de la temperatura. 
 
El tercer capítol està enfocat des d’un punt de vista tecnològic. En aquest s’estudia 
termodinàmicament diferent tècniques convencionals per l’eliminació de MTBE i ETBE com 
son l’adsorció en carbó actiu i l’aireació. S’observa que l’increment de la temperatura 
augmenta l’eficiència en tot dos processos i que l’ETBE és més fàcilment eliminat. Per altra 
banda s’ha analitzat l’ús de nous solvents, com son els líquids iònics, per tal de deshidratar 
additius oxigenats obtenint-se resultats satisfactoris. Finalment s’han realitzat estudis 
d’oxidació avançada utilitzant zeolites amb contingut fèrric. L’ús d’aquest materials permet 
oxidar l’MTBE i els seus compostos de degradació més problemàtics, com son el tert butil 
alcohol i el tert butil formiat en condicions ambientals i pH neutres en temps raonables. 
 
Finalment en el quart i últim capítol es resumeixen les conclusions obtingudes durant aquest 
treball i es donen ressenyes a seguir en investigacions futures en aquest camp. 
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Chapter 1. INTRODUCTION 
 
1.1 HISTORY OF FUEL OXYGENATES 
The octane rating of a gasoline is a measurement of the gasoline resistance to the autoignition 
in internal combustion engine. When the gasoline burns, the explosion should move the 
pistons of the motor continuously and softly. The motor’s efficiency decreases when 
combustion is very fast. The octane number is obtained by comparision of the gasoline 
knocking capacity with the capacity of isooctane and heptane. Isooctane has an octane number 
of 100 and heptane of 0[1]. 
 
The antic-knocking additives added to the gasoline are organic or organometallic substances. 
Since 1920 almost all the gasoline used worldwide contained lead, specifically, lead tetra 
methyl [Pb(CH3)4]. Until the 70ies, lead had been the cheapest way, economically and 
energetically, of increasing the octane rating, but the emission of lead particles to the air 
caused serious problems of public health.  
 
The introduction of oxygenates additives in gasolines, started in some states of USA at the 
end of the 70ies in order to improve the octane number in the reduction phase of leaded 
additives. It was in the 90ies when their use was expanded spectacularly around of the country 
with the Clean Air Act in 1990. The objectives of this act were to reduce the emissions of 
carbon monoxide (CO) in the urban zones where the quality standards of air were exceeded 
during the winter and the ozone levels in the metropolitan areas during summer. In order to 
achieve these objectives were elaborated two differentiated programmes[2-5]. 
 
The Winter Oxyfuel Program, started on November of 1992, consisted on using the called 
oxyfuel or OXY gasoline that have to contain more than 2.7 % of oxygen in weight in order to 
achieve a more complete combustion of the hydrocarbons of the gasoline. It is used in urban 
zones that exceed the quality standards majority during the winter months (October-May). 
 
In order to solve the problem related to the ozone, some years later, in 1995 started the Year-
round Reformulated Gasoline Program in which was used the reformulated gasoline (RFG) 
with more than 2% of oxygen in weight and with inferior levels of benzene and other aromatic 
compounds dangerous for the humans. So, its use produces lower emissions of those 
compounds without burning into the atmosphere therefore a lower ozone formation in the 
urban air[1].  
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The United States Environmental Protection Agency (EPA) has classified methyl tert-butyl 
ether (MTBE), the most used worldwide oxygenate additive, as a suspect human carcinogen, 
and suggested concentration limit of 20–40 µg/l for MTBE in drinking water [6]. Some states 
of USA have restricted or banned the MTBE use as a gasoline additive since May 2006[7]. 
 
1.2 PRODUCTION AND USAGE OF FUEL OXYGENATES 
MTBE has become the fuel oxygenated additive more used in the last years. The reasons 
because MTBE has been the preferred oxygenated additive are the following. 
• Mainly, its low cost 
• Easy production 
• High octane level (RON: 116-120) 
• Low vaporization from gasoline 
• Easy transfer 
• Its characteristics of mixing[1, 8] 
 
MTBE is synthetised from methanol and isobutylene[9]. Almost all of the world production 
(98%) is used as additive in gasoline. Also is used minoritary as a solvent. On the other hand, 
ethyl tert-butyl ether (ETBE) is produced from ethanol that is produced from the fermentation 
of vegetal products. 
 
The growth of the use of MTBE has no precedents. In 1970, it was the number 39 in the 
production of chemical organic compounds in USA while on 1998 it was the fourth, with an 
accumulated production of 60 millions of tones. During this period was only exceeded by 
monomers (ethylene, propylene and 1,2-dichloroethane). 
 
The production of MTBE in Europe started at 1973 in Italy although it was only used at low 
scale to increase the octane rating. In the 80ies during the policy of reduction and substitution 
of leaded additives MTBE was expanded very quickly in the entire continent. 
 
In the 90ies the use of MTBE was stabilised and started to decrease slowly due to the 
advances in the refining technologies and the introduction of new vehicles that were able to 
work with gasoline of 95 octanes[1].  
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In contrast with USA or South America ethanol is not very used as oxygenated additive in 
Europe, while other fuel oxygenates like tert-amyl ether (TAME) and ETBE are being 
produced and consumed in important quantities, overall in France, Italy, Finland, Belgium, 
Germany and Spain (as figure 1.1 shows). Nowadays methanol and tert-butyl alcohol (TBA) 
are rarely used as oxygenated additives in Europe. 
 
1.3 PROPERTIES OF FUEL OXYGENATES AND ITS BEHAVIOUR IN THE 
ENVIRONMENT 
Fuel oxygenates are compounds with oxygen in its carbon chain (see figure 1.2). Nowadays, 
oxygenates are blended into gasoline in two forms: alcohols or ethers. The main ethers used 
are methyl tert-butyl ether (MTBE) and ethyl tert-butyl ether (ETBE). The most used alcohol 
is ethanol. Another compounds used as oxygenate in a lower proportion are methanol, tert-
butyl alcohol (TBA), tert-amyl ether (TAME) and diisopropyl ether (DIPE). 
 
Figure 1.2. Molecular structure of the most used fuel oxygenates additives. 
MTBE ETBE TAME DIPE Ethanol Methanol TBA 
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The ethers mentioned above are volatile organic compounds, polar, flammable, colourless, 
and liquid at environmental conditions and smells like turpentine. 
 
Table 1.1 shows the summary of physical and chemical characteristics of fuel oxygenates. 
Ethers are highly volatile and tend to occur almost entirely in the vapor phase when they are 
released to the atmosphere. These compounds have a high downward mobility in soil because 
of its low adsorption coefficient and hence can reach the groundwater relatively quickly. Their 
low Henry’s constants law indicate their trend to remain in the water phase.  
 












Log Kow Henry’s constant 
Log Koc 
MTBE 88.15 55.2 51000 250 0.94 0.024 
ETBE 102.18 73.1 12000 194 1.92 0.007 
TAME 102.18 86.3 2640 75.2 1.92 0.005 
DIPE 102.18 68.5 8800 149 1.52 0.010 
Ethanol 46.07 78.2 Miscible 59.3 -0.31 0.0002 
Methanol 32.04 64.7 Miscible 127 -0.77 0.0002 
TBA 74.12 82.4 Miscible 40.7 0.35 0.0004 
 
 
1.4 REVIEW OF THERMODYNAMICAL PROPERTIES 
There are different values of a physico-chemical property of fuel oxygenates into open 
literature due to they are obtained at different conditions and with different experimental 
methods. Exists very few completed studies that take into account the dependence of different 
magnitude such as temperature or pressure. 
 
In the environmental field, it is important to improve the knowledge of the temperature 
dependence of the physico-chemical properties because little changes of temperature can 
affect to the dispersion on different media or to the efficiency of the cleaning processes. Some 
temperature dependences of physico-chemical properties for fuel oxygenates are found in 
literature. Arp and Schmidt obtained Henry's Law Constant for ethers11. Studies of 
temperature dependence of the water solubility of fuel oxygenates are found in the 
literature[12-14], some of them only used two temperatures in the study. In addition, there is no 
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agreement among the different authors about the values. Krahenbuhl and Gmehling reports 
vapor pressure for ethers[15].   
 
On the other hand, fuel oxygenates are usually enclosed into complex mixtures (gasolines). So 
it is expected that they are found in the environment interacting with other gasoline 
compounds. These interactions usually influence on the values of their physical and chemical 
properties. The composition of a gasoline is not always the same and depends of several 
factors. So the knowledge of thermodynamic properties and phase equilibria of mixtures 
(hydrocarbons and oxygenates) is of practical interest to develop and optimize cleaning 
processes. Marsh et al [16]  reviewed the different studies carried out in terms of 
thermodynamics of fuel oxygenates with other hydrocarbon and they give considerations to 
future research in this line. After Marsh’s review several works have been published related 
with the thermodynamical data of the fuel oxygenates (as an example some of them are cited)  
in vapor-liquid equilibria [17-29], liquid-liquid equilibria [30-34], or studies on physical properties 
(density, refraction, enthalpies, speed of sound or viscosity) [35-47] but more effort must be 
focused to improve the thermodynamical database of the phase equilibria and physical 
properties of mixtures in order to understand better how the interactions between different 
molecules and changes of temperature and pressure can affect to the final behaviour of a 
compound. 
 
1.5 IMPACT ON WATER SUPPLIES 
The primary source of fuel oxygenates in groundwater, as figure 1.3 shows, is gasoline 
releases from leaking underground storage tanks [2, 5, 48]. Other ways by which fuel oxygenates 
enters groundwater are from vehicle exhaust emissions, from spillage and evaporation during 
the manufacture and transport of fuel oxygenates and gasoline containing them and from 
accidental spills or exhaust from boats and personal water crafts. The fact that some 
individuals can detect MTBE in water at very low levels is the main factor for treating 
contaminated waters to such low levels. It has been identified as the second most common 
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Figure 1.3. Movement of fuel oxygenates in the environment [49] 
 
 
In the last years similars monitoring studies have been carried out in Europe. Rosell et al. 
analyzed the different water in Catalonia (Spain) and in Düsseldorf (Germany) [50, 51] and 
found that the concentration levels of MTBE exceed the EPA suggested concentration limit. 
These works analyzed the presence of other fuel oxygenates being found in lower 
concentrations probably explained by solubility differences. Additional works remark the 
MTBE as a contaminant present in European groundwaters[52-56]. 
 
When accidentally MTBE is released into the environment, its resistance to natural 
degradation combined with its physical and chemical properties makes it a threat to drinking 
water supplies. MTBE plumes migrate at a rate comparable to groundwater velocities and this 
mobility of MTBE in water is in part due to its high aqueous solubility and low organic 
carbon partition coefficient.  
 
 
1.6 TOXICITY AND HEALTH EFFECTS 
MTBE has been classified by the United States Environmental Protection Agency (U.S. EPA) 
as a group C, or a possible human carcinogen. The International Agency of Research of 
Cancer (IARC) has classified MTBE in group 3, that means as “unclassified as carcinogen in 
humans”. The classification of MTBE in this group shows that the studies in humans and 
animals are unadequate or limitated. The World Health Organization (WHO) concluded that 
MTBE is carcinogen for rats, but the current information is not enough to establish its 
potential to cause cancer on humans [57]. 
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The first problems related with MTBE were detected in 1992 in Alaska when 200 residents 
reported dizziness, headache and cough after using 15 % in volume in the gasoline due to the 
program OXY [58]. After that, the MTBE was banned in this state. Another cases occurred in 
other states and the social alarm created conducted to carry out some epidemiological studies. 
Due to this increasing concern, different studies have been carried out in the last years in order 
to evaluate possibles toxic effects on the environment and people. In the aqueous media toxic 
effects have been detected in animals but always with concentrations much higher than those 
that usually are found in groundwaters [59-62]. In addition, there are several studies that showed 
that MTBE caused cancer in rats by inhalation and ingestion  [63-67]. No rigorous or peer-
reviewed studies exist indicating a human cancer risk from inhalation or ingestion of MTBE. 
Extrapolation of data on animal toxicity to data on human health risk is ambiguous and any 
conclusions that might be drawn from them would be uncertain. The Office of Environmental 
Health Hazard Assessment (OEHHA) has set a public health goal of 13µg/L for MTBE in 
drinking water based on cancer studies in rats and mice. However, the levels at which MTBE 
potentially pose a cancer or non-cancer human health risk are likely far higher than the levels 
at which humans can detect the taste of MTBE in drinking water. In December 1997, the U.S. 
EPA’s Office of Water issued a drinking water advisory for MTBE. The advisory 
recommends a limit of 20 to 40µg/L for drinking water as the range that is low enough to 
prevent human health risk and to avoid organoleptics effects [6]. The U.S. EPA has not yet 
established a maximum contaminant level (MCL) for MTBE. In Europe doesn’t exist an 
stablished MCL for MTBE. Despite of this, some states of the European Union have had 
inititatives to stablish their own limit as is the case of Denmark that reccomend a 
concentratrion of 350 µg/L to consider toxicity and 30 µg/L to avoid the organoleptics effects. 
Switzerland considers that a water is polluted with MTBE when the concentratrion is higher 
than 200 µg/L [1]. 
 
1.7 TREATMENT TECHNOLOGIES AND SELECTION CRITERIA FOR THE 
STUDIED TECHNIQUES 
The general use of fuel oxygenates in gasoline, and its mobility and persistence, increases the 
probability of contaminating drinking waters. Its persistence to biodegradation may be 
attributed to its stable ether bond and the access to the ether linkage being restricted by the 
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1.7.1 Adsorption and Air Stripping 
Granular Activate Carbon (GAC) is a well established and widely used technology for 
removing organic compounds from water. It has also been reported that GAC is not cost 
effective for the removal of fuel oxygenates, except at low concentrations [68-71] . In addition, 
since fuel oxygenates (specially MTBE) is only weakly sorbed by GAC, other gasoline 
constituents such as benzene and toluene in the contaminated groundwater will tend to 
displace them from GAC [72, 73]. Nowadays another different material has been tested as 
adsorbents to remove fuel oxygenates from water, such as synthetic resins, perfluoroctyl 
alumina, molecular sieves, zeolites and polymeric adsorbents [74-80] being found different 
results.  
 
Air stripping technologies are widely used for removing VOCs from drinking water supplies 
prior to distribution and use of the water for public consumption [81-83] . Packed tower aeration 
is the most common air stripping technology for drinking water treatment. Although air 
stripping using a packed tower is a widely used technology for VOCs, its application to 
MTBE removal from drinking water has been limited [68, 69, 84-87]. 
 
Off-gas treatment of the MTBE-contaminated air stream from an air stripping system is often 
required prior to discharge to the atmosphere. MTBE has been categorized as a hazardous air 
pollutant by the U.S. EPA. In most states, agencies require off-gas treatment in conjunction 
with an air stripper. Technologies available for the removal of MTBE in the off-gas include: 
carbon adsorption, thermal and catalytic oxidation, biological treatment, and gas-phase 
chemical oxidation. The cost of off-gas treatment is generally proportional to the volume of 
gas (air) being treated. Thus, the higher the air/water ratio in an air stripping system, the 
higher the costs. Typical volumetric air/water ratios for MTBE removal range from 100 to 
200. This results in large gas volumes with very low concentrations of MTBE. Selection of 
the right off-gas treatment technology for MTBE is a key factor in determining the overall 
cost of air stripping.  
 
1.7.2 Advanced Oxidation  
Advanced Oxidation Processes (AOPs) provide a promising alternative to conventional 
treatment technologies. These processes generally involve generation and use of powerful but 
relatively nonselective transient oxidizing species. AOPs are destructive processes in which 
the contaminants in water are destroyed through chemical transformation. Oxidation processes 
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involve the exchange of electrons between chemical species. One or more electrons are 
transferred from an electron donor to an electron acceptor, which has a higher affinity for 
electrons. In some cases, these electron transfers produce radicals which tend to be highly 
unstable and highly reactive because one of their electrons in unpaired. AOPs involve the 
formation of strong oxidants (e.g., hydroxyl radicals) and the reaction of these oxidants with 
organic contaminants in water. However, the term advanced oxidation processes specifically 





very high oxidation potential of 2.80V, second only to fluorine and sulfate radicals in a list of 
strong oxidizing agents [88]. The effectiveness of an AOP, in treating any contaminant, is 
proportional to its ability to generate hydroxyl radicals. The main AOPs studied until now to 
treat water contaminated with fuel oxygenates are thoses processes which involve the use of 
ozone (O
3




) and/or ultraviolet (UV) irradiation [68, 69, 85, 89-101]. 
However, other emerging AOPs include those processes which involve titanium dioxide 
(TiO
2
) catalysis[93], sonolytic cavitation[102], gamma radiolysis[103-105], electron beam (E-
beam)[106-108] irradiation, pulsed arc electrohydraulic discharge[109], permanganate[110] and 
Fenton's reaction [111-116]. AOPs have been used successfully to treat organic compounds, 
including fuel oxygenates, in drinking water at several places. Due to the complex chemical 
and physical processes involved in oxidation reactions, AOPs and their effectiveness in 
treating organics is not well understood.  
 
1.7.3 Other Remediation Techniques 
Another remediation techniques studied in the last years have been those based on biologic 
and membrane processes. 
 
In the last decade bioremediation techniques applied to MTBE removal have been developed 
very fast from isolation and studies of microorganisms able to feed themselves by MTBE as a 
carbon and energy source [117, 118]. These techniques could be a simple and cheaper alternative 
to the conventional techniques described above [119]. Its application has some disadvantage as 
the absence of necessary nutrients or oxygen. For this reason are particulary important those 
treatments that involve the bioestimulation, oxygen diffusion through the polluted 
groundwater or ex situ treatments with controlled bioreactors [120]. 
 
Techniques of phytoremediation are those which involve the growth of plant in order to 
capture pollutants. These techniques are proposed to be efficient and of low cost to recover 
contaminated sites with chlorated or aromatic compounds [121]. In the last years several studies 
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prove the potential of these techniques to remove MTBE [122-127]. Some experiments showed 
reduction of MTBE of 30% after a week of its application.  
 
Membranes processes based on such us microporous hollow fiber membranes (HFM) have 
been successfully used to strip VOCs from water [128-130]. Study on MTBE removal using 
membranes processes indicates that high treatment efficiencies are obtained only at very low 
flow rates [131-136]. Also these systems involve high capital costs and there is an issue with 
scaling and precipitate formation with increased hardness. 
 
1.7.4 Purification of the Fuel Oxygenates 
In case of recovering fuel oxygenates that have been in contact with water, must be treated 
and purified in order to reuse them as a fuel additive. There are several techniques to 
dehydrate the fuel oxygenates such us, distillation or extraction but there are very few studies 
into the open literature.  
 
1.7.5 Selection Criteria for Technologies to be studied  
The following technologies were selected to be evaluated in this study:  
 1) Air stripping  
 2) GAC Adsorption  
 3) Advanced oxidation processes  
 hydrogen peroxide / Fe-zeolites 
 
The treatment technologies analyazed in this study were selected because more studies must 
be carried out in order to understand better the kinetics and thermodynamics of these 
processes with fuel oxygenates. Furthemore the selection criteria to study these techniques is 
the ability to consistently meet drinking water. 
 
1.8 OBJECTIVES 
This work is structured into two differenced chapters according to two main objectives. 
Firstly, the objective of chapter 2 is to study the thermodynamical behaviour of fuel 
oxygenates with water and with other hydrocarbons typically found in gasoline spills in order 
to improve the current data. Secondly, the objective of the chapter 3 is to study different 
techniques used to treat waters polluted with fuel oxygenates from a thermodynamical and 
kinetic point of view. In this part is analyzed also a new ionic liquid as extractant, in order to 
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dehydrate MTBE polluted with water. Based on this, the specific objectives of this work are 
listed below: 
 
1. Improve the thermodynamic database of pure compounds and binary mixtures (fuel 
oxygenates + gasoline compounds). 
 
2. Study of the effect of temperature in the aeration and adsorption processes. 
 
3. Study of the wet peroxide oxidation with Fe containing zeolites in the remediation of 
water polluted with MTBE.  
 
4. Study of the dehydratation of MTBE with ionic liquids. 
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Model, detect and removal MTBE and another fuel oxygenates from drinking water are 
important areas of research. Although are currently highly developed topics, there is still a lot 
of work to do regarding the environmental behaviour modeling and its removal from water. 
Fuel oxygenates are usually used in gasolines where they are blended with another 
compounds. The composition of gasoline is not always the same and depends of several 
factors [1]. The knowledge of thermodynamic properties and phase equilibria of mixtures, in 
this case hydrocarbons and oxygenates, is of practical interest because from these data it is 
possible to obtain binary interaction parameters that can be used to model, develop and 
optimize cleaning water processes. The existent thermodynamical information used to design 
the cleaning units is very diffuse [2] and doesn’t take into account the different interactions that 
can exist in a multicomponent mixture as it is the case of a gasoline spill in water.  
This work is a part of an extensive study related to theoretical and experimental analysis of 
binary mixtures containing oxygenated compounds and gasoline components in order to 
develop models to describe, in a future work, their multicomponent behaviour and then apply 
it to design units to remove contaminants, owed to gasoline spills, from ground water.  The 
interaction matrix of this work is defined by the following compounds: MTBE, ETBE, 
Ethanol, tert-Butanol (TBA), BTEX (Benzene, Toluene, m-Xylene, o-Xylene, p-Xylene and 
Ethylbenzene), and Isooctane (2,2,4 trimethylpentane). The thermodynamic variables involved 
in this work are the vapour-liquid equilibria (VLE), liquid-liquid equilibria (LLE) (as water 
solubility) and the physical properties (PP) density and speed of sound. 
 
2.1.1 Objectives 
Improve the thermodynamic database of pure compounds and binary mixtures of fuel 
oxygenates and gasoline compounds, in terms of: 
• Density and speed of sound of the pure compounds involved in the study as 
temperature function. 
• Physical properties: Density and speed of sound of binary mixtures as temperature 
function that have not been studied previously. 
• Vapor-liquid equilibria of binary mixtures formed by the compounds established 
previously in the matrix study that have not been studied yet. 
• Liquid-Liquid Equilibria: Water solubility of ethers as a function of temperature. 
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2.1.2 Literature Review 
The compounds involved in this study are typically constituents of gasoline. Because of their 
importance, the oxygenated compounds used were MTBE, ETBE and Ethanol. The aromatic 
compounds selected were Benzene, Toluene, m-Xylene, o-Xylene, p-Xylene and 
Ethylbenzene (BTEX). Additionally a non aromatic compound as Isooctane was selected to 
see how oxygenates interact with alkanes. Studies with TBA were carried out because MTBE 
and ETBE decompose to TBA with high frequency. Furthermore TBA is also used in fuel 
blending as fuel oxygenate (although it is used rarely). All these compounds configure the 
interaction matrix studied in this work as shows Figure 2.1. 
 
The state of works in the literature in terms of physical properties (density and speed of 
sound) and Phase Equilibria (Vapor-Liquid Equilibria) is analyzed in Figure 2.1. In order to 
obtain data of the interaction with water, Liquid-Liquid Equilibria data (in terms of water 
solubility) was used. Due to one of the objectives of this work is to see how the temperature 
influences the interactions among these compounds, the published works of physical 
properties are considered of high quality if the density and speed of sound have been studied 
as a temperature function. The same criterion has been stablished in the case of water 
solubility. In the case of vapor-liquid equilibria are consider the isobaric and the isothermal 
works due to it is possible to get interaction information from them. 
 
In figure 2.1, the first column of each compound represents the interaction in terms of vapor 
liquid equilibria and the second represents the interaction in terms of physical properties. The 
interactions that have been reported into the literature are in red. The information that is poor 
because of the quality of data, data only at one temperature, very old data, etc, is in yellow. In 
the interactions with water sometimes appears the letters “imm” which means that exist 
immiscibility. In these cases the only thermodynamical information that has been considered 
is the water solubility. 
 
The green circle of figure 2.1 remarks the zone of the matrix that will be object of study of 
this work. As we can see there are several cells in white or yellow what means that there is no 
information or that the information must be improved. Therefore all the efforts of this part of 
the work will be focus in the study of physical properties of pure compounds and in the 
interactions related with fuel oxygenates (MTBE, ETBE and Ethanol). 
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2.2 MEASUREMENT TECHNIQUES 
 
2.2.1 Materials 
All chemical products used in this part of the work were of Merck quality with purity better 
than 99.5 mol%. Except ETBE that was supplied by Repsol-YPF. The pure compounds were 
stored in glass containers protected from sunlight and constant humidity and temperature. 
Usual manipulation and purification was applied as in previous experimental works [58]. All 
products were degassed using ultrasound and dried on molecular sieves (pore diameter 0.4 nm 
and 0.3 nm from Merck) before use. Densities and speed of sound of the pure substances are 
given in Table 2.1 and compared with literature values. 
 
Table 2.1. Physical properties of pure compounds: Density ρ, and speed of sound u, at 298.15 K. 
  Molecular weight ρ/(kg·m-3)             u (m·s-1) 
  Exp Lit.a Exp Lit.b 
MTBE 88.150 0.734406 0.7353[59] 1036.63 1035[59] 
ETBE 102.180 0.735357 0.735[8] 1033.23 n.a 
DIPE (u at 303.15) 102.180 0.718207 0.71814[60] 976.04 974.9[61] 
TAME 102.180 0.765399 0.7658[62] 1115.55 1115[62] 
Etanol 78.114 0.785082 0.78536[63] 1142.40 1143[63] 
Isooctane (at 303.15) 114.231 0.683618 0.67991[61] 1061.30 1068.8[61] 
Benzene 78.114 0.873520 0.87360[64] 1298.27 1299[64] 
Toluene 92.141 0.862173 0.86219[64] 1303.44 1304[64] 
m-Xylene 106.167 0.859890 0.85999[64] 1320.92 1320[64] 
p-Xylene 106.167 0.856675 0.85661[64] 1305.38 1308[64] 
o-Xylene 106.167 0.874968 0.87593[64] 1341.51 1348[64] 
Ethylbenzene 106.167 0.862459 0.86252[64] 1318.36 1318[64] 
TBA (at 303.15 K) 74.123 0.775212 0.7762[65] 1108.98 1104.8[65] 
 
 
2.2.2 Physical Properties: Density and Speed of sound 
Densities and speeds of sound have been measured at range 278.15-323.15 K with a ∆T of 
0.25 K for the pure compounds and at range 288.15-323.15 K with a ∆T of 2.5 K for binary 
mixtures by using an Anton Paar DSA 5000 (Figure 2.2). Binary mixtures have been analyzed 
in the whole range of composition. The method to measure density was a vibrating tube 
densimeter with an accuracy of ± 0.00001g·cm-3, and at the same time the speeds of sound 
were analysed measuring the propagation of a wave of sound through the liquid with an 
accuracy of ± 0.01 m·s-1. The DSA 5000 has been calibrated at atmospheric pressure with 
twice distilled water and dry air. The temperature of the DSA 5000 was maintained with a 
precision of ± 0.001 K by means a semiconductor Peltier element and measured by a 
calibrated platinum resistance thermometer. The binary mixtures were prepared by directly 
weighting the constituent components with an electronic balance (Gramm VXI model) that 
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has an accuracy of ± 0.00001 g. Precautions were taken in order to minimize evaporation 
losses during storage and preparation of the solutions.   
Figure 2.2. Diagram of density and sound analyzer DSA 5000 
 
 
2.2.3 Vapor-Liquid Equilibria 
The equilibrium cell used to measure VLE (Figure 2.3) data was a dynamic recirculating 
apparatus described by Resa et al.[66] The equilibrium temperature was measured with a 
digital platinum 100 resistance thermometer with an accuracy of ± 0.001 K. For the pressure 
measurement, a digital manometer regulator (KNF NC 800), provided by Leybold with an 
accuracy of ± 1 torr was used. Both vapor and liquid-phase compositions for the two systems 
were determined by densimetry and speed of sound. Prior to VLE measurements, density 
calibration and speed of sound curves for the studied systems were obtained to calculate the 
compositions of the vapor and liquid phases.  The estimated uncertainty in the determination 
of both liquid and vapor phase mole fractions is ± 0.001. 
 
Figure 2.3. Diagram of vapor-liquid equilibria cell 
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2.2.4 Liquid-Liquid Equilibria: Water Solubility 
The water solubility cell (Figure 2.4) consists of a 20 ml vial. Inside of the cell a small 
magnetic stir bar was used in order to mix the solution. The vial was filled with 10 ml of 
water and then was saturated with an excess amount of ether (8 ml). The vial was kept at 
constant temperature with a Polyscience bath model 9010. Temperature was controlled within 
±5·10–2 K inside the cell, and connected to a controller bath Polyscience model 9010, with a 
stability of ±10–2 K. All the solutions were stirred gently for 15 minutes. They were kept into 
the bath at constant temperature at least for 24 h to assure that the equilibrium was reached. 
Samples of less than 2 ml were carefully taken from the aqueous phase with a syringe through 
a sampling tap. Afterwards, the composition of the saturated aqueous phase was analyzed by 
Gas Chromatography (GC).  
 






2.3.1 Thermodynamics of pure compounds: Physical Properties 
The EOS developed by Mattedi et al. [67] was used to correlate the density measurements as 
tempereature function of pure compounds. The model is normally written in group 
contribution form, which is:  
 
( ) ( )
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lnrv~z  (2.1) 
 
where z  is the compressibility factor, aiν  is the number of type a  groups in a molecule of  
type i , aQ  is the surface area of group a, )1r()qr)(2/Z(l −−−= , q and r are geometric 
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parameters, Z is the lattice coordination number set to 10 and Ψ  is a constant of the lattice 
structure, set to 1. The average number of segments occupied by a molecule in the lattice ( r ), 
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Here, aR  and aV are the group-contribution parameters for the number of segments and hard-
core volume, respectively; av  is the molar hard-core volume parameter for a group of type a. 
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where mau  is the interaction energy between groups m and a. The fugacity coefficient derived 
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u bababa 0         (2.11) 
 
In summary, the equation of state has four parameters for each group ( av , aQ , Ru aa0  
and aaB )  and two parameters for interactions between unlike groups ( Ruba0  and 
baB ). The 
cell volume *v  is fixed in 5 cm3mol-1 was used as suggested by  Mattedi et al. [67].  Although 
the EOS is written in a group contribution form, in this work was used a molecular approach, 
and so each compound was considered as a group. Pure parameters were fitted using the 






















































                                   (2.12) 
 
where Psat is the vapor pressure and ρliq_sat is the saturated molar liquid density. The subscripts 
cal and pex indicate calculated and pseudo-experimental values and N is the number of data 
points used. 
 
Experimental data for the ultrasonic velocity of pure compounds and mixtures were compared 
with values determined by different procedures. The Free Length Theory (FLT) [69, 70] and the 
Collision Factor Theory (CFT) [70-72] were applied.  
 
UNIVERSITAT ROVIRA I VIRGILI 
THERMODYNAMICS AND REMEDIATION TECHNIQUES FOR FUEL OXYGENATES 
Rafael González Olmos 
ISBN:978-84-691-9865-0/DL:T-149-2009
Thermodynamics and Remediation for Fuel Oxygenates 
31 
The Free Length Theory estimates the speed of sound attending to the free displacement of 
molecules as a main function of temperature. Speed of sound is calculated using Jacobson’s 
formula. 
 
KLu 21mixmixmix =ρ       (2.13) 
 
where ( ) 810T375.0875.93K −⋅⋅+=  is the temperature-dependent constant and umix, ρmix, and 
Lmix are the speed of sound, density, and intermolecular free length, respectively of the 










=      (2.14) 
 













=      (2.15) 
 
V0i and Yi represent the molar volumes at absolute zero and the surface areas per mole for the 












−=       (2.16) 
( ) 312i0AVN36Y π=       (2.17) 
 
where NA is tha Avogadro number and Tc is the critical temperature of the pure compound. 
 
The Collision Factor Theory (CFT) is dependent on the collision factors among molecules as a 
function of temperature into pure solvent or mixture as follows: 
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∞      (2.18) 
where u∞ = 1600 ms−1 and Si is the collision factor of the component i in the mixture, and Bi 






B π=       (2.19) 
 










=      (2.20) 
 
where b is the Van der Waals constant. 
The collision factors (S) and the characteristic molecular volumes (B) of the pure solvents 
used in the CFT calculations were estimated by using the experimental ultrasonic velocities 
and the corresponding molar volumes. These values could be also evaluated by means the 
group contribution method proposed by Schaffs [73] when no experimental data are disposable.  
 
2.3.2 Thermodynamic of solutions: Physical properties 
The excess molar volumes of binary mixtures, were calculated from density measurements by 



























MxV    (2.21) 
 
where ρ is the density of the mixture, ρ1 and ρ2  the densities of the pure substances, M1 and 
M2 are the molar masses, and x1, x2, the mole fractions. The uncertainty in the calculation of 
VE from density measurements was estimated to be ± 0.001 cm3·mol-1. 
  
In the same way, the changes of isentropic compressibility (δκs) on mixing were calculated by 
the equation, 
  ( )2s21s1ss xx κ⋅+κ⋅−κ=δκ      (2.22) 
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where κs is the isentropic compressibility of the mixture calculated by the Laplace equation 
[74], 
                                                       2s u
1
⋅ρ
=κ                                                         (2.23) 
 
and κs 1, κs 2 are the isentropic compressibility of the pure compounds. The uncertainty 
obtained for isentropic compressibilities was ±1 TPa-1. 
 
Excess molar volumes and deviation of isentropic compressibilities on mixing of the binary 
systems were fitted to Redlich-Kister polynomials [75]  of the form, 
 






jipjiij xxBxxZ         (2.24) 
 
where Zij stands for the derived  magnitude (VE or δκs ) and m is the degree of the polynomial. 
Bp are the fitting parameters and are temperature dependent as follows 
 






ijp TBB        (2.25) 
 
The standard deviations σ are defined as follows 
 




iexpcal∑ −=σ                 (2.26) 
 
where N is the number of experimental data, m is the number of equation parameters, and Z is 
the considered property (VE or δκs). 
 
2.3.3 Thermodynamic of solutions: Vapor-Liquid Equilibria 







=γ       (2.27) 
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where xi  and yi are the liquid and vapor mole fractions in equilibrium, Φi is a vapor phase 
correction factor, P is the total pressure, and oiP  is the vapor pressure of pure component i. 











−=  (2.28) 
 
The vapor phase correction factor is given by, 
 


















i          (2.29) 
 
where φi is the fugacity coefficient  of component i in the mixture, satiφ is the fugacity 
coefficient at saturation, and Vi is the molar volume of component i in the liquid phase. The 
fugacity coefficients were calculated by virial equation truncated at the second term. The 
second virial coefficients were calculated by the use of Pitzer’s correlation [76] for the second 
virial coefficient with Tsonopoulos modification for polar molecules [77].  
 
The mixing rules proposed by Prausnitz et al [78] for the calculation of binary acentric factor 
and pseudocritical temperature and pressure (ω12, Tc12 and Pc12) were used and they are 
calculated as: 
 




  (2.30) 
 
where ω1 and ω2 are the acentric factors of compounds 1 and 2, and  
 
 Tc12 = (1-kij ) ( Tc1 Tc2 )0.5 (2.31) 
 
where Tc1 and Tc2 are the critical temperatures of compounds 1 and 2, and kij is the binary 
interaction constant proposed by Lee and Chen [79]; for the both mixtures kij = 0.10. 
Also, 
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Z  = 
2
ZZ 2c1c +  (2.33) 
 
Zc1 and Zc2 are the critical compressibility factors, and 
12c
















=  (2.34) 
 
where Vc1 and Vc2  are the critical volumes of compounds 1 and 2.  
 
The activity coefficients were correlated with the Margules, van Laar, Wilson, NRTL and 
UNIQUAC equations [76]. To determine the constants of each model, we have used the 
method suggested by Gess et al. [80]. Estimation of the parameters for the equation was based 
on the iterative solution, using the maximum likelihood regression of the objective function Qi 
[81], with the activity coefficients obtained from the consistency test as experimental values, 
 














                     (2.35) 
 
where γexptl  are the activity coefficients calculated from experimental data and γcalcd  are the 
coefficients calculated with the correlations. The ASOG [82] method was also used to obtain 
predictions.  
 
The thermodynamic consistency of the experimental data was checked by means of a 
modified Dechema test [83] where the fugacity coefficients are calculated by virial equation, 
and activity coefficients are calculated by using the four-suffix Margules equation, 
 
                               gE / RT = x1 x2  [ A x2 + B x1 - D x1 x2 ]                                     (2.36) 
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with the corresponding activity coefficients, 
 
                              ln γ1 = x2
2  [ A + 2 (B-A-D) x1 + 3 D x1
2  ]                                    (2.37) 
                              ln γ2 = x1
2  [ B + 2 (A-B-D) x2 + 3 D x2
2  ]                                    (2.38)  
 
Parameters A, B and D were estimated using the error-in-variables regression maximum 
likelihood technique. The constraint equation for the regression was, 
 




















11 fxfx                                              (2.39)      
 
Here the asterisk (*) denotes a calculated or predicted value. An experimental value has no 
asterisk; o1f  and 
o
2f  are the standard state fugacities. The errors in the prediction of y1 were 
calculated. Predicted *1y  values were obtained using the equation, 
 








11                                                           (2.40)                         
 
An average deviation was calculated from, 
 






=                                               (2.41) 
 
Here ∆y = y1 - ∗1y  and n = number of experimental data points. To pass the consistency test, a 
system must have an average deviation less than 0.01.  
 
There were also carried out the Margules constant test using the program of Gess et al.[80] The 
Margules constant can be used to indicate the ideality of a system. Systems which yield a 
Margules constant whose absolute value is less than 0.60 can be considered ideal, while those 
which yield an absolute value greater than 0.60 can be considered non-ideal.  
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2.3.4 Thermodynamic of solutions: Water Solubility 
For compact and smooth representation, the water solubility of the chemicals was correlated 









=                                         (2.42) 
 
where x is the mole fraction aqueous solubility, eH∆  is the molar enthalpy of dissolution eS∆  
is the molar entropy of dissolution, R is the universal gas constant and T is the equilibrium 
temperature. It was assumed that eH∆  and eS∆  were constant over the temperature range of 
interest of this study. The root mean square deviations were computed using Equation 2.43, 


























=                     (2.43) 
 
From the water solubility data were calculated the activity coefficient of ethers in water as 
temperature function, following the next equation [86]: 
 
x
1sat =γ       (2.44) 
 
The activity coefficient at the saturated conditions of water solubility was extrapolated with 








=γ ∞       (2.45) 
 






=        (2.46) 
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where H is the dimensionless Henry’s constant law, pi is the vapour pressure, wV is the molar 
volume of water, R is the ideal gas constant and T is the temperature. 
 
The first estimation model used in this work to predict the dependence of water solubility with 
temperature is the UNIFAC model. In the UNIFAC model, the activity coefficient of a 





i lnlnln γ+γ=γ      (2.47) 
 
The first term on the right of the Equation 2.47 is the contribution due to the difference in the 
molecular size and shape, and the second is the contribution due to the interaction arising 
between functional groups. Details for calculating Combiγ  and 
sRe
iγ  are presented in the original 
UNIFAC model proposed by Fredenslund et al. [87] and it is out of the scope of this work. 
From the criterion for phase equilibrium that the fugacity of a component i in one phase is 
equal to that in the other phase and also the fact that the concentration of hydrocarbon in 
aqueous solution is quite low, water solubility can be estimated using the infinite dilution 
activity coefficient ∞γ i  predicted by the UNIFAC model. The thermodynamic relationships 
between ∞γ i  and water solubility are described in detail by Kuramochi et al. 
[88] and Sandler et 
al. [89, 90]. The thermodynamic relationships and calculation procedures are briefly described 















































w   (2.48) 
 
where ∞γ ,Wi , fH∆ , Tm and pC∆ , denote the infinite dilution activity coefficient in water, the 
fusion enthalpy (J mol-1), normal melting point (K) and the difference of isobaric heat capacity 
(J mol-1 K-1) between subcooled liquid and solid. The exponential part is derived from the 
ratio between liquid and solid fugacities. By assuming that pC∆  is negligible, Equation 2.48 



























































w  (2.49) 
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As the value of fH∆ /Tm, or the entropy of fusion fS∆ , 56.5 (J mol
-1 K-1) was used since 
Yalkowsky et al. [91] suggested that fS∆  was approximately the same for many organic rigid 
compounds. Tm for individual ethers were obtained from the Distil Software database. 
 
The second estimation method comes from the definition of the Sw when it is assumed that the 
solution is sufficiently diluted to consider the molar volume of the solution as equal to that of 
the pure solvent, that the solubility of water in the organic phase is negligible and that the 
vapour of the solute can be considered as an ideal gas. In these condition Sw is defined as the 






S =       (2.50) 
 
where pi is the partial pressure (atm) of the compound i in the air phase (g) and KiH the 
Henry’s constant law of the compound (m3 Pa mol-1). Dividing KiH by the ideal gas constant 
(R) and temperature (T), it is possible to compute a “dimensionless” Henry’s Law constant or 
air-partitioning constant, Kiaw. 
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2.4 RESULTS AND DISCUSSION 
Although the interaction matrix is defined by, MTBE, ETBE, Ethanol, tert-Butanol, BTEX 
and Isooctane the studied part in this work involve the interactions of MTBE, ETBE and 
Ethanol with all the other compounds. As a result of this research in terms of density and 
speed of sound (Physic Property Study) 12 pure compounds and 25 binary mixtures (table 2.2) 
have been studie. In addition have been done 3 binary vapor liquid equilibria (VLE) and 4 
binary liquid liquid equilibria (LLE) in terms of water solubility (table 2.2). In the figure 2.5 is 
showed how approximately 48 % of the interaction matrix has been improved in terms of the 
variables mentioned above.  
 
 
Table 2.2.  Experimental systems studied 













MTBE + Isooctane 
MTBE + Benzene 
MTBE+ Toluene 
MTBE + m-Xylene 
MTBE + o-Xylene 
MTBE + p-Xylene 
MTBE + Ethylbenzene 
MTBE + TBA 
 
Ethanol + Isooctane 
Ethanol + Benzene 
Ethanol + Toluene 
Ethanol + m-Xylene 
Ethanol + o-Xylene 
Ethanol + p-Xylene 
Ethanol + Ethylbenzene 
Ethanol + TBA 
ETBE + Isooctane 
ETBE + Benzene 
ETBE + Toluene 
ETBE  + m-Xylene 
ETBE + o-Xylene 
ETBE + p-Xylene 
ETBE + Ethylbenzene 
ETBE + TBA 
ETBE + Ethanol 
ETBE + p-Xylene 
ETBE + m-Xylene 
ETBE+ Ethylbenzene 
MTBE + water 
ETBE + water 
DIPE + water 
TAME + water 
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2.4.1. Physical Properties of Pure compounds 
In the following chapter will be studied several pure organic compounds in terms of density 
and speed of sound as a function of temperature. Models as Mattedi equation, Nasrifar 
Mosweifiahn, Racket, free length theory or collision factor theory models were used. Some of 
these compounds are not in the interaction matrix presented above.  
 
The chapter is formed by three articles. The first one is entitled “Measuring and Modelling 
Experimental Densities and Ultrasonic Velocities of Aromatic and Halogenated 
Environmental Pollutants” and was published in 2007 in Chemosphere. In this work were 
analyzed three aromatic compounds and three halogenated compounds. Several models to 
predict and correlate both density and speed of sound were used. 
 
The second work included in this chapter is named “Influence of Temperature on 
Thermodynamic Properties of Substituted Aromatic Compounds” and has been submitted to 
the Physics and Chemistry of Liquids. Here, seven aromatic compounds were studied. 
 
The last work that takes part in this chapter is called “Thermodynamics of Oxygenates Fuel 
Additives as a Function of Temperature” published in 2008 in Physics and Chemistry of 
Liquids. This work was focused to study the density and speed of sound of 4 ethers used as 
oxygenate additives in gasoline. 
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“Measuring and Modelling Experimental Densities and  
Ultrasonic Velocities of Aromatic and Halogenated  
Environmental Pollutants” 
 
M. Iglesias, S. Mattedi, R. Gonzalez-Olmos, J.M. Goenaga, J.M. Resa 
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ABSTRACT 
This work presents experimental liquid densities and ultrasonic velocities for a collection of 
substituted aromatic compounds (isobutylbenzene, 1,3,5 trimethylbenzene, butylbenzene, 
isopropylbenzene, p-xylene, m-xylene and o-xylene) at the range from 278.15 to 323.15 K and 
atmospheric pressure. Fitting equations were applied to data in order to correlate for later computer 
based design. The estimation of the studied properties was made by the application of different 
theoretical procedures. An equation of state based on the generalized Van der Waals theory which 
combines the Staverman-Guggenheim combinatorial term of lattice statistics with an attractive 
lattice gas expression and the Free Length Theory showed a good response at the studied 
conditions. 
Keywords:  density; ultrasonic velocity; equation of state, free length theory  
 
1. Introduction 
Reliable thermodynamic data of environmental pollutants are highly important from both 
practical and theoretical points of view. Environmental chemistry and engineering need this 
information for modelling the dispersion of organic pollutants in the environment, solve the 
remediation of contaminated soils and surface waters, minimize the presence of hazardous 
pollutants in aqueous effluents and develop new strategies for cheap and effective cleaning 
procedures and then, adequate decisions and remediation policies. From a more fundamental 
point of view, thermodynamic information is necessary for the understanding of the complex 
molecular interactions and mechanisms of solution and dispersion. The test of models and the 
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developement of new prediction methods for these thermodynamic functions, have a 
particular significance because they are the only way to ensure accurate results. 
With these facts in mind, as a continuation of our scientific work investigating physical 
properties related to characterization of pollutants [1-2], this work presents the temperature 
dependence of density and ultrasonic velocity at the range of temperature 278.15 - 323.15 K 
and atmospheric pressure of a collection of halogenated and aromatic hydrocarbons 
(isobutylbenzene, 1,3,5 trimethylbenzene, butylbenzene, isopropylbenzene, p-xylene, m-
xylene and o-xylene). From the experimental data, temperature dependent polynomials were 
fitted. Different derived properties were computed from density and ultrasonic velocity data, 
since they are important in the study of the thermodynamic trend and theoretical calculations. 
Because of the expense of the experimental measurement of such data and current processes 
design is strongly computer oriented, consideration was also given to how accurate different 
theoretical methods work by comparison with the experimental data. Different procedures 
were applied to the experimental data. It was applied a lattice type equation of state to 
simultaneously correlate vapor pressure and densities in order to describe the non-ideal 
temperature dependence of these magnitudes at a wide range. The EOS is based on the 
generalized Van der Waals theory and combines the Staverman-Guggenheim combinatorial 
term of lattice statistics with an attractive lattice gas expression [3]. The Free Length Theory 
was applied to estimate the ultrasonic velocity of these compounds [4]. Satisfactory results 
were obtained for both properties, a good accuracy being obtained for a wide range of 
temperatures.  
 
2. Experimental Section 
2.1 Materials 
All chemical solvents used in the preparation of samples were supplied by Merck with 
richness higher than 99.5 mol%. The pure components were stored in glass containers 
protected from sunlight at constant humidity and temperature. All products were degassed 
using ultrasound and dried on molecular sieves (pore diameter of 4 and 5 10-10 m from Fluka) 
before use. Densities and ultrasonic velocities of the pure substances were checked and listed 
in Table 1 and compared with literature values. 
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Table 1. Densities (ρ) and ultrasonic velocities (u) of pure components 
 MW[4]/kg/kg mol  ρ(298.15 K)/g·cm–3  u(298.15 K)/m·s-1  
Component   exptl. lit[6].  exptl. lit[6].  
p-Xylene 106.167  0.856589 0.85661  1305.39 1309.7  
m-Xylene 106.167  0.859471 0.85999[7]  1318.80 1320[7]  
o-Xylene 106.167  0.874708 0.87593[7]  1347.26 1348[7]  
1,3,5 trimethylbenzene 120.194                          0.861148 0.86111  1330.12 1336.8  
Isopropylbenzene 120.194  0.857518 0.85743  1305.07 1307.7  
Butylbenzene 134.221  0.856214 0.85607  1321.33 1334.1  
Isobutylbenzene 134.221  0.849058 0.84907  1294.98 1296.9  
         
 
 
2.2 Apparatus and procedure 
The ultrasonic velocities and densities were measured with an Anton Paar DSA-5000 device 
with a precision of ± 0.01 m·s–1 and ±10-6 gcm-3. The temperature was maintained constant 
with a precision of ± 0.01 Calibration of the apparatus was performed periodically, in 
accordance with technical specifications, using Millipore quality water (resistivity, 18.2 
MΩ·cm) and ambient air.  
 
2.3 Determination of the experimental uncertainty 
The uncertainty of the experimental method was analyzed in m-xylene. Taking into account 
that all the compound are aromatic and have similar properties is proposed that it will be the 
same for all. The density and speed of sound of m-xylene was measured 3 times at each 
temperature (181 temperatures). Then the uncertainty of each measurement was establish as 
the standard deviation of the mean and is represented in figure 1 for each temperature for the 
two measured properties. The horizontal line is the mean of all standard deviation and is 
consider as the uncertainty of the experimental measurement. In the case of the density we 
may establish that the uncertainty of the measurement is approximately 0.00002 g·cm-3 and in 
the case of speed of sound is 0.55 m·s-1. 
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 Figure 1. a) Uncertainty of the density measurements for m-xylene (gcm-3) b) Uncertainty of the speed 
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3. Results and discussion 
3.1 Data Correlation 
For compact and smooth representation of the experimental data, the density and ultrasonic 







iTAP                                          (1) 
where P is density (gcm-3) or ultrasonic velocity (ms-1), T is the absolute temperature in 
Kelvin degrees and Ai are fitting parameters. N stands for the extension of the mathematical 
serie which was optimized by means of the Bevington test. A summarized version of the 
densities and ultrasonic velocities data are given by table 2 and 3 respectively. The completely 
data used to correlate the thermodynamical properties have been submitted as supplementary 
material (181 points between 278.15 - 323.15 K) . The fitting parameters were obtained by the 
unweighted least squared method applying a fitting Marquardt algorithm. The root mean 
square deviations were computed using Equation 2, where z is the value of the property, and 
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Table 2. Densities (g·m-3) of the studied chemicals at the range of temperature 278.15-323.15 K 
T/K p-Xylene m-Xylene o-Xylene 1,3,5 Trimethylbenzene Isopropylbenzene Butylbenzene Isobutylbenzene 
278.15 0.873823 0.876481 0.891360 0.877333 0.874405 0.872090 0.865216 
279.15 0.872966 0.875565 0.890498 0.876498 0.873541 0.871282 0.864386 
280.15 0.872070 0.874702 0.889621 0.875641 0.872650 0.870432 0.863535 
281.15 0.871196 0.873825 0.888750 0.874792 0.871766 0.869603 0.862689 
282.15 0.870312 0.872958 0.887891 0.873956 0.870896 0.868774 0.861842 
283.15 0.869418 0.872071 0.887036 0.873123 0.870038 0.867955 0.861013 
284.15 0.868536 0.871222 0.886192 0.872298 0.869188 0.867151 0.860191 
285.15 0.867683 0.870358 0.885338 0.871484 0.868313 0.866340 0.859373 
286.15 0.866803 0.869506 0.884506 0.870667 0.867488 0.865540 0.858567 
287.15 0.865930 0.868642 0.883678 0.869847 0.866625 0.864753 0.857748 
288.15 0.865069 0.867813 0.882856 0.869043 0.865782 0.863959 0.856951 
289.15 0.864211 0.866962 0.882032 0.868243 0.864943 0.863169 0.856147 
290.15 0.863348 0.866114 0.881216 0.867439 0.864100 0.862378 0.855344 
291.15 0.862495 0.865279 0.880375 0.866641 0.863266 0.861599 0.854553 
292.15 0.861638 0.864446 0.879574 0.865853 0.862451 0.860818 0.853756 
293.15 0.860797 0.863604 0.878761 0.865058 0.861606 0.860052 0.852974 
294.15 0.859949 0.862778 0.877947 0.864270 0.860795 0.859278 0.852189 
295.15 0.859100 0.861935 0.877134 0.863488 0.859963 0.858505 0.851395 
296.15 0.858259 0.861129 0.876317 0.862705 0.859146 0.857741 0.850623 
297.15 0.857426 0.860294 0.875523 0.861929 0.858332 0.856976 0.849844 
298.15 0.856589 0.859471 0.874708 0.861148 0.857518 0.856214 0.849058 
299.15 0.855757 0.858655 0.873909 0.860378 0.856704 0.855455 0.848286 
300.15 0.854927 0.857837 0.873111 0.859605 0.855891 0.854699 0.847507 
301.15 0.854107 0.857020 0.872307 0.858839 0.855084 0.853936 0.846743 
302.15 0.853281 0.856221 0.871515 0.858073 0.854282 0.853183 0.845972 
303.15 0.852467 0.855417 0.870733 0.857311 0.853480 0.852428 0.845210 
304.15 0.851658 0.854617 0.869932 0.856548 0.852686 0.851687 0.844454 
305.15 0.850847 0.853821 0.869168 0.855793 0.851900 0.850941 0.843697 
306.15 0.850042 0.853026 0.868385 0.855046 0.851107 0.850200 0.842950 
307.15 0.849233 0.852234 0.867608 0.854298 0.850325 0.849474 0.842207 
308.15 0.848442 0.851443 0.866846 0.853557 0.849541 0.848732 0.841468 
309.15 0.847647 0.850659 0.866084 0.852812 0.848763 0.848010 0.840719 
310.15 0.846840 0.849879 0.865319 0.852082 0.847984 0.847304 0.839978 
311.15 0.846075 0.849099 0.864571 0.851353 0.847225 0.846582 0.839251 
312.15 0.845285 0.848332 0.863806 0.850612 0.846480 0.845868 0.838530 
313.15 0.844506 0.847574 0.863076 0.849894 0.845703 0.845172 0.837825 
314.15 0.843752 0.846822 0.862335 0.849186 0.844952 0.844466 0.837096 
315.15 0.842980 0.846058 0.861604 0.848484 0.844212 0.843770 0.836401 
316.15 0.842217 0.845314 0.860874 0.847763 0.843471 0.843079 0.835681 
317.15 0.841472 0.844572 0.860157 0.847075 0.842739 0.842417 0.834994 
318.15 0.840714 0.843847 0.859442 0.846376 0.842008 0.841739 0.834312 
319.15 0.839966 0.843104 0.858728 0.845695 0.841294 0.841063 0.833627 
320.15 0.839246 0.842400 0.858033 0.845030 0.840584 0.840426 0.832965 
321.15 0.838615 0.841679 0.857338 0.844365 0.839892 0.839769 0.832302 
322.15 0.837917 0.840969 0.856628 0.843704 0.839197 0.839126 0.831645 
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Table 3. Ultrasonic velocities (m·s-1) of the studied chemicals at the range of temperature 278.15-323.15 K 
T/K p-Xylene m-Xylene o-Xylene 1,3,5 Trimethylbenzene Isopropylbenzene Butylbenzene Isobutylbenzene 
278.15 1394.50 1407.54 1434.11 1419.73 1393.90 1410.16 1379.52 
279.15 1389.79 1402.56 1429.30 1414.75 1389.17 1404.70 1374.98 
280.15 1384.85 1397.86 1424.58 1409.76 1384.08 1399.22 1370.25 
281.15 1380.10 1393.09 1419.92 1404.64 1379.17 1394.10 1365.66 
282.15 1375.40 1388.40 1415.23 1399.81 1374.41 1389.18 1361.05 
283.15 1370.67 1383.60 1410.66 1394.93 1369.73 1384.40 1356.54 
284.15 1366.06 1379.04 1406.21 1390.15 1365.21 1379.82 1352.11 
285.15 1361.56 1374.46 1401.69 1385.55 1360.46 1375.18 1347.79 
286.15 1356.95 1369.95 1397.35 1381.04 1356.06 1370.83 1343.44 
287.15 1352.44 1365.45 1392.95 1376.43 1351.51 1366.46 1339.15 
288.15 1347.94 1361.08 1388.64 1372.09 1347.05 1362.16 1334.91 
289.15 1343.55 1356.65 1384.38 1367.65 1342.69 1357.88 1330.74 
290.15 1339.16 1352.26 1380.08 1363.26 1338.36 1353.63 1326.50 
291.15 1334.70 1347.97 1375.88 1358.93 1334.10 1349.48 1322.44 
292.15 1330.37 1343.77 1371.73 1354.73 1329.93 1345.34 1318.43 
293.15 1326.13 1339.55 1367.61 1350.58 1325.63 1341.31 1314.52 
294.15 1321.93 1335.37 1363.51 1346.45 1321.52 1337.20 1310.59 
295.15 1317.72 1331.16 1359.36 1342.33 1317.28 1333.14 1306.61 
296.15 1313.54 1327.07 1355.32 1338.21 1313.19 1329.20 1302.73 
297.15 1309.47 1322.92 1351.29 1334.17 1309.12 1325.26 1298.85 
298.15 1305.39 1318.80 1347.26 1330.12 1305.07 1321.33 1294.98 
299.15 1301.34 1314.75 1343.27 1326.15 1301.00 1317.49 1291.14 
300.15 1297.35 1310.65 1339.30 1322.16 1296.98 1313.59 1287.32 
301.15 1293.37 1306.64 1335.34 1318.21 1292.96 1309.76 1283.54 
302.15 1289.39 1302.64 1331.42 1314.27 1288.98 1305.95 1279.70 
303.15 1285.42 1298.66 1327.50 1310.31 1285.02 1302.11 1275.79 
304.15 1281.49 1294.65 1323.57 1306.43 1281.06 1298.43 1271.89 
305.15 1277.60 1290.73 1319.72 1302.58 1277.16 1294.57 1268.06 
306.15 1273.71 1286.79 1315.88 1298.76 1273.23 1290.75 1264.28 
307.15 1269.92 1282.86 1311.98 1294.93 1269.36 1287.02 1260.56 
308.15 1266.13 1278.99 1308.24 1291.22 1265.48 1283.26 1256.83 
309.15 1262.28 1275.02 1304.34 1287.37 1261.65 1279.53 1253.09 
310.15 1258.30 1271.12 1300.50 1283.65 1257.73 1275.92 1249.36 
311.15 1254.51 1267.26 1296.73 1279.86 1253.97 1272.22 1245.65 
312.15 1250.68 1263.39 1292.88 1276.07 1250.32 1268.56 1241.96 
313.15 1246.85 1259.58 1289.17 1272.36 1246.33 1264.92 1238.36 
314.15 1243.21 1255.76 1285.42 1268.62 1242.50 1261.23 1234.60 
315.15 1239.48 1251.85 1281.68 1265.07 1238.77 1257.49 1231.01 
316.15 1235.64 1248.04 1277.86 1261.20 1234.92 1253.87 1227.20 
317.15 1232.02 1244.22 1274.15 1257.54 1231.14 1250.34 1223.62 
318.15 1228.14 1240.47 1270.40 1253.85 1227.38 1246.69 1219.97 
319.15 1224.64 1236.55 1266.59 1250.21 1223.62 1242.98 1216.37 
320.15 1220.96 1232.87 1262.93 1246.55 1219.92 1239.45 1212.73 
321.15 1218.46 1228.99 1259.28 1242.85 1216.19 1235.88 1209.12 
322.15 1214.69 1225.18 1255.43 1239.22 1212.47 1232.29 1205.50 
323.15 1211.00 1221.79 1252.33 1235.62 1208.82 1228.70 1201.92 
 
The fitting parameters and the corresponding deviations are gathered in Table 4. In Figures 2 
and 3, the temperature trend of density and ultrasonic velocity are gathered. 
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Figure 2. Curves of density (gcm-3) of p-Xylene (◊), m-Xylene (), o-Xylene (•), 1,3,5 
trimethylbenzene (￮), Isopropylbenzene (△), Butylbenzene (<), Isobutylbenzene (²) at the range of 
temperatures 278.15 – 323.15 K. 
Temperature / K






















Figure 3. Curves of ultrasonic velocity (ms-1) of p-Xylene (◊), m-Xylene (), o-Xylene (•), 1,3,5 
trimethylbenzene (￮), Isopropylbenzene (△), Butylbenzene (<), Isobutylbenzene (²) at the range of 
temperatures 278.15 – 323.15 K. 
Temperature / K
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Table 4. Parameters of Eq. 2 in the range 283.15 – 323.15 K and root mean square 
deviations (σ) 
 A0  A1  A2  A3  σ 
 Density/(gcm-3) 
p-Xylene 0.698203 3.7936·10-3 -1.7302·10-5 2.1330·10-8 24·10-6 
m-Xylene 0.877140 1.9668·10-3 -1.1039·10-5 1.4232·10-8 14·10-6 
o-Xylene 0.822278 2.6403·10-3 -1.3249·10-5 1.6714·10-8 19·10-6 
1,3,5 trimethylbenzene 0.956771 1.1228·10-3 -8.1552·10-6 1.1113·10-8 22·10-6 
Isopropylbenzene 0.832606 2.4034·10-3 -1.2550·10-5 1.5994·10-8 20·10-6 
Butylbenzene 0.835707 2.2656·10-3 -1.1945·10-5 1.5352·10-8 23·10-6 
Isobutylbenzene 0.854171 2.0344·10-3 -1.1214·10-5 1.4532·10-8 22·10-6 
 Ultrasonic velocity/(ms-1) 
p-Xylene 7559.66 -50.1212 0.1389 -1.3791·10-4 0.22 
m-Xylene 9342.50 -68.7034 0.2038 -2.1338·10-4 0.08 
o-Xylene 8732.94 -62.6080 0.1842 -1.9205·10-4 0.09 
1,3,5 trimethylbenzene 12127.88 -95.5887 0.2903 -3.0567·10-4 0.13 
Isopropylbenzene 10119.48 -76.3388 0.2282 -2.3929·10-4 0.11 
Butylbenzene 13768.18 -112.3444 0.3467 -3.6853·10-4 0.25 
Isobutylbenzene 9883.26 -74.9433 0.2259 -2.3869·10-4 0.17 
 
3.2 Derived properties 
A frequently applied derived magnitude for chemicals is the temperature dependence of 
volumetry which is expressed as isobaric expansibility or thermal expansion coefficient (α). 
The data reported in literature normally give only values of thermal expansion coefficients 
both of pure compounds and its mixtures, showing the relative changes in density, calculated 








−  as a function of temperature and assuming that α remains constant in any 
thermal range. This fact is due to the scarce availability of accurate density data in a wide 
temperature range. As in the case of pure chemicals or substances it can be computed at a 












−=α                                                           (3) 
taking into account the temperature dependence of density. As shows figure 4, its important to 
point out the rapid decreasing values of α when temperatures rises at any compounds having 
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the highest values p-xylene and the lowest for butylbenzene. As expected similar values were 
measured for those chemicals of analogous structure.  
 
Figure 4. Curves of isobaric expansibility (α, K-1) of p-Xylene (◊), m-Xylene (), o-Xylene (•), 1,3,5 
Trimethylbenzene (￮), Isopropylbenzene (△), Butylbenzene (<), Isobutylbenzene (²) at the range of 
temperatures 278.15 – 323.15 K. 
Temperature / K

















The isentropic compressibility (κs) of pure compounds was also calculated from the density 










              (4) 
Figure 5 indicates the behaviour of this magnitude as temperature function. As expected this 
evolution is in opposition to the density and ultrasonic velocity. The compound with higher 
isentropic compressibility is isobutylbenzene and the lower is o-xylene and the other 
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Figure 5. Curves of isentropic compressibility (TPa-1) of p-Xylene (◊), m-Xylene (), o-Xylene (•), 
1,3,5 Trimethylbenzene (￮), Isopropylbenzene (△), Butylbenzene (<), Isobutylbenzene (²) at the range 
of temperatures 278.15 – 323.15 K. 
Temperature/ K
















The values of κs and the values of isobaric expansibility computed from the measured 
densities and ultrasonic velocities are gathered in the supplementary material. 
 
3.3 Estimation of density- MTC Lattice Gas EOS 
In the last few years, many researchers have applied and modify cubic equations of state to 
almost any situation for thermodynamic studies of pure chemicals and mixtures, although the 
success is always strongly dependent of a wide understanding of how molecules interact in 
terms of space and energy [8].  However, in the last few years the interest related to non-cubic 
theoretically based EoS for prediction of fluid phase equilibria or others thermodynamical 
properties has increased. In this work, the Lattice Gas EOS developed by Mattedi et al. [3] 
was also used to describe volumetric trend of these chemicals. Although, the EOS is normally 
written in group contribution form,  in this work there was used a molecular approach, and so 
the EOS is written as:  
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= lz     (5) 
 
where z  is the compressibility factor, q is the surface area of the molecule, Z is the lattice 
coordination number which is set equal to 10, r  is the average number of segments occupied 
by a molecule in the lattice, )1r()qr)(2/Z( −−−=l , u  is the interaction energy between 
molecules and Ψ is a constant of the lattice structure, set to 1. The reduced molar volume ( v~ ) 





v~           (6) 
 
v  is the molar hard-core volume parameter for a molecule. The fugacity coefficient for a pure 









































































u 0         (8) 
 
More details about the EOS could be found in the original work [3]. 
In summary, the equation of state has four parameters for each pure compound (v, q, Ru 0  
andB ). The cell volume *v  is fixed in 5 cm3mol-1 was used as suggested by Mattedi et al. [3]. 
Pure parameters were fitted using the simplex algorithm of Nelder and Mead [9], in order to 
minimize the objective function: 
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where Psat is the vapor pressure and △liq_sat is the saturated molar liquid density. The 
subscripts cal and pex indicate calculated and pseudo-experimental values and N is the 
number of data points used. The applicability of the model is wider if vapor pressure data is 
also used for parameter estimation  and so saturation pressures were also used to obtain EOS 
parameters. There were used pseudoexperimental data for saturated densities and vapor 
pressure generated through DIPPR correlation [10] to 180 points with temperature ranging 
from 278.15 to 323.15 K. Parameters from this EOS have physical meaning and  the 
numerical values for the obtained parameters presented in Table 5 are coherent. As expected, 
similar parameters for all substances have the same magnitude, except for the parameter of 
temperature dependence of group-group energy which is a fitting parameter and so could vary 
in a larger range. In Table 6, the root mean square deviations and the relative deviation for 
vapor pressure (pseudo-experimental data) and liquid density data obtained in this work are 
shown. Densities were calculated with the EOS at 101.3 kPa. From the presented results for 
vapor pressure deviations it could be seen that a very good correlation was obtained. 
Moreover, for densities the EOS were compared with this work data and the presented results 
show a very good agreement between experimental and calculated values.  
 
Table 5. Obtained parameters for EOS.  
Compound v  q B Ru0  
 cm3mol-1  K K 
p-Xylene 89.179 12.165 0.387 -446.743 
m-Xylene 89.109 12.212 - 0.425 -456.025 
o-Xylene 87.492 12.041 - 0.020 -460.228 
1,3,5 trimethylbenzene 102.493 13.649 16.051 -441.332 
Isopropylbenzene 100.181 13.690 0.346 -434.025 
Butylbenzene 113.802 15.371 0.322 -436.329 
Isobutylbenzene 113.748 15.160 0.269 -424.654 
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3.4 Estimation of ultrasonic velocity – Free length theory 
The Free Length Theory (FLT) estimates the isentropic compressibility attending to the free 
displacement of molecules as a main function of temperature [4]. In the last few years, FLT 
has proved its applicability for molecules of different nature The experimental data for the 
speed of sound of the chemicals studied here were compared with values determined by the 












κ                                       (10) 
where K is a temperature dependent constant ( ( ) 810T375.0875.93K −⋅⋅+= ) and Lf is the 











L 0f                                           (11) 
where V is the molar volume, V0 is the molar volume at absolute zero and Y is the molar 
surface area. V0 and Y are calculated by the following equations: 











−⋅=      (13) 
where Tc is the critical temperature and were used values published in literature [5].  
Applying equation 4 in equation 10 the final expression to calculate the ultrasonic velocity 















u       (14) 
The deviations between the predicted and the experimental data for the studied compounds are 
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Table 6. Relative deviations between saturated pressure from [9] and calculated with the EOS, relative 
deviations between liquid density data obtained in this work and calculated by the EOS at 101.3 kPa  and root 
mean square deviations for predictive ultrasonic velocity by means of Free length theory. 
Comp. Psat ρliq FLT 
 ∆P/P (%) ∆ρ/ρ (%) σ 
p-Xylene 0.32 0.13 37.39 
m-Xylene 0.24 0.12 41.80 
o-Xylene 0.24 0.15 38.14 
1,3,5 trimethylbenzene 0.21 0.09 43.80 
Isopropylbenzene 0.34 0.20 39.79 
Butylbenzene 0.38 0.15 31.47 
Isobutylbenzene 0.37 0.23 31.71 
 
4. Conclusions 
It is well known that thermodynamic properties govern the behaviour and dispersion of 
contaminants in the environment. Values of basic magnitudes as density, ultrasonic velocities 
and isentropic compressibilities can thus be applied to model and predict the desplacement, 
distribution, and fate of contaminants into natural media. In this paper, original data for the 
temperature dependence of density and ultrasonic velocity at the range of temperature 278.15 - 
323.15 K and atmospheric pressure of a collection of ethers (Isobutylbenzene, 1,3,5 
Trimethylbenzene, Butylbenzene, Isopropylbenzene, p-Xylene, m-Xylene and o-Xylene), have 
been measured. In order to provide correlative methods to be used in computer-aided design, 
data were directly correlated with polynomial functions. Density and vapor pressures were 
simultaneously correlated by a lattice equation of state and then the EOS was used to predict 
our experimental density data. Experimental ultrasonic velocities were compared with the 
predicted by the Free Length theory. Satisfactory results were obtained both models. 
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2.4.2. Physical properties of binary mixtures 
In the next chapter will be studied the interactions between oxygenates compounds and typical 
organic compound that usually are blended in gasoline in terms of density and speed of sound 
as a function of temperature and molar concentration. The excess volumes and deviation of 
isentropic compressibilities both excess properties derived from density and speed of sound 
measurements respectively are calculated in order to improve the knowledge of how these 
compounds interact with oxygenate fuel additives. The oxygenated compounds studied in this 
chapter are MTBE (the most used oxygenate worldwide), ETBE (the most used in Spain) and 
Ethanol (due to its important use in regions as South America especially in Brazil). Several 
Models to fit and predict these properties were used. 
 
The chapter is formed by four articles. The first one is entitled “Influence of Temperature on 
Thermodynamic Properties of Methyl tert-Butyl Ether (MTBE) + Gasoline Additves” and was 
published in 2007 in International Journal of Thermophysics. In this work were studied five 
binary systems formed by MTBE + (benzene, toluene, ethylbenzene, isooctane and TBA). 
 
The second work included in this chapter is named “Temperature Influence on Mixing 
Properties of {Ethyl tert-Butyl Ether (ETBE) + Gasoline Additives}” and was published in 
2007 in the Journal of Chemical Thermodynamics. This work gathers the study of six binary 
systems formed by MTBE + (benzene, toluene, ethylbenzene, isooctane, ethanol and tert-butyl 
alcohol). Furthemore is included an erratum of this article related with some values of the 
table 2 of the work. 
 
The third work included in this chapter is entitled “Influence of Temperature on 
Thermodynamics of Ethers + Xylenes” and was published in 2008 in Fluid Phase Equilibria. 
This article is the study of the following 6 binary sytems MTBE and ETBE + (o-, m-, p-
xylene).  
 
Finally the last work that takes part in this chapter is called “Influence of Temperature on 
Thermodynamics of Ethanol + Hydrocarbon Gasoline Additives” submitted to the Journal of 
Chemical and Engineering Data. This work was focused to study the density and speed of 
sound of the following 8 binary systems Ethanol + (benzene, toluene, ethylbenzene, isooctane, 
ethanol xylene isomers and tert-butyl alcohol). 
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INFLUENCE OF TEMPERATURE ON THERMODYNAMICS OF 
ETHANOL + HYDROCARBON GASOLINE ADDITIVES 
R. Gonzalez-Olmos*,1, M. Iglesias2 and S. Mattedi3  
 
1Departament d’Enginyeria Química, Escola Tècnica Superior d’Enginyeria Química,  
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2PF&PT Research Team, Department of Chemical Engineering, High Technical School of Engineering, 
University of Santiago de Compostela, Rúa Lope Gómez de Marzoa, 
E-15782 Santiago de Compostela, España 
 
3Departamento de Engenharia Química, Escola Politécnica, Universidade Federal da Bahia, Rua Aristides 
Novis, 2 Federação, 40210-630, Salvador-Bahia, Brazil.  
 





The densities and ultrasonic velocity of the binary mixtures ethanol + (benzene, 
toluene, ethylbenzene, isooctane, tert-butyl alcohol and xylene isomers) at the 
range 288.15 - 323.15 K and atmospheric pressure, have been measured over the 
whole concentration range. The experimental excess volumes and deviation of 
isentropic compressibilities data have been correlated with a Redlich-Kister type 
polynomial accurately. The gathered data improve open literature related to 
gasoline additives, as the comparison has proved, and help to understand the 
ethanol volumetric and acoustic trend into different chemical environment.   
 
KEYWORDS: densities; isentropic compressibilities; model; ethanol; 
temperature; ultrasonic velocities 
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Oxygenated compounds are added to gasoline in order to improve fuel combustion 
efficiency and to lower exhaust emissions of CO and hydrocarbons. Examples of these 
compounds are alcohols (as methanol, ethanol, isopropyl alcohol, isobutyl alcohol and tert-
butyl alcohol (TBA)) and ethers (as methyl tert-butyl ether (MTBE), ethyl tert-butyl ether 
(ETBE), tert-amyl methyl ether (TAME) and diisopropyl ether (DIPE)). Ethanol is largely 
used in Brazil as fuel additive to gasoline and also as alternative mixed fuel in flex motors 
(which works with mixtures of ethanol and gasoline in any composition). Moreover, ethanol is 
also used as a important commodity to regulate internal prices of fuels [1].  Gasoline 
compounds include several substances as aromatics compounds as benzene, toluene, 
ethylbenzene and xylenes (BTEX). These coumpounds are ubiquitous environmental 
pollutants, some of which are well known to exhibit carcinogenic/mutagenic characteristics. 
However, when occurs a gasoline spill, one of the major concerns is the contamination of 
water-bearing used as source of water supply for human consumption and ethanol enhances 
pollutants solubilities in water. Primary alcohols (ethanol and methanol) are highly soluble in 
water and BTEX are soluble in these compounds. Ethanol is a cosolvent that has a salting-in 
effect for  BTEX in water. When the ethanol + gasoline mixture contacts water, ethanol 
solubilizes in water enhancing BTEX solubility.  Moreover, ethanol is completely soluble in 
water and its concentration is superior than BTEX compounds in ground waters contamined 
by ethanol + gasoline mixtures. Highly soluble compounds have a lower sorption power, and 
ethanol would have a higher mobility than BTEX in ground waters. When ethanol is present 
in high concentration, BTEX compounds can move more quickly, and results also that BTEX 
move to a greater distance [2,3].  So ethanol enhances the mobility of BTEX dissolved in 
ground water difficulting BTEX natural biodegradation and then BTEX has a higher 
persistence in water when ethanol is present. On the other hand, cleaning water processes are 
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close related on physical magnitudes of mixtures and their temperature and pressure 
dependence. In addition, knowledge of thermodynamic properties of fuel oxygenates as 
ethanol with the different compounds enclosed in a typical gasoline is of practical interest to 
the petrochemical industry. Moreover, this information is useful to develop removing units of 
spilled gasoline + ethanol in groundwater.. 
In accordance to that, in the last few years, a considerable effort has been developed in the 
field of thermodynamic properties although a great scarce of data is observed in open 
literature for mixtures enclosed into usual commercial gasoline. Such properties are strongly 
dependent of hydrogen-bond potency of hydroxyl groups, chain length, isomeric structures, 
and molecular package. As a part of an extensive study related to theoretical and experimental 
analysis of mixtures containing oxygenated and gasoline compounds [4,5,6,7] [MTBE, ETBE, 
FPE, PCL], we present in this paper the temperature dependence of the density and ultrasonic 
velocity of the binary mixtures of ethanol + (benzene, toluene, ethylbenzene, isooctane, TBA 
and xylene isomers) at the range 288.15 - 323.15 K and atmospheric pressure, as a function of 
molar fraction. From the experimental values, the corresponding derived properties (excess 
molar volumes and change of isentropic compressibilities) were fitted with a temperature 
dependent Redlich-Kister [8] type polynomial.  
Open literature recent published data present works on densities for mixtures  
ethanol+benzene [9] and ethanol+toluene [10] . Data obtained in this work were compared 
with the previous published ones with good agreement.  However a systematic study for 
volumetric and acoustic properties for mixtures of ethanol + (benzene, toluene, ethylbenzene, 
isooctane, TBA and xylene isomers), as presented here, were not published yet. Finally the 
models, Collision Factor Theory (CFT) [11,12] and Free Length Thoery (FLT) [11,13] were 
applied to predict deviations in the isentropic compressibilities of binary mixtures. 
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All chemical solvents used in the preparation of samples were of Merck quality with richness 
better than 99.5 %. The pure components were stored in sun light protected form and constant 
humidity and temperature. In order to reduce fraction molar errors, the vapour space into the 
vessels was minimized during samples preparation. Each vial was weighted with a precision 
(±2 10-5 g) device (GRAM-VXI Serie Analytical Balance), the whole composition range of 
the binary mixtures being covered. The accuracy in molar fractions was obtained as higher 
than ±5 10-4. The ultrasonic velocities and densities were measured with an Anton Paar DSA-
5000 device. The uncertainty in the measurments was estimated in ±0.55 m.s–1 for ultrasonic 
velocity and ±2·10-5 g.cm-3 for density [14]. Calibration of the apparatus was performed 
periodically, in accordance with technical specifications, using Millipore quality water 
(resistivity, 18.2 MΩ.cm) and ambient air. More details about techniques and procedure in our 
laboratory could be obtained from previously published works [11, 15]. The values of the pure 
compounds, as well as, open literature data are enclosed into Table 1. 
Table 1. Physical properties of pure compounds: densities (ρ) and ultrasonic 
velocity (u) at 298.15 K 
  ρ/g·cm–3  u/m·s-1  
Component  Exptl. lit.  Exptl. lit.  
Ethanol  0.785082 0.785085[16]  1142.40 1143.1[16]  
Benzene  0.873520 0.87356[17]  1298.27 1299[18]  
Toluene  0.862173 0.86214[17]  1303.44 1304[18]  
Ethylbenzene  0.862459 0.86244[17]  1318.36 1318[18]  
Isooctane  0.687749 0.68762[19]  1082.20 1083[20]  
Tert-Butyl-Alcohol  0.775212 0.77572[21]  1099.02 1104.8[22]  
p-Xylene  0.856675 0.85658[17]  1305.39 1308[18]  
m-Xylene  0.859890 0.85983[17]  1320.92 1320[18]  




UNIVERSITAT ROVIRA I VIRGILI 
THERMODYNAMICS AND REMEDIATION TECHNIQUES FOR FUEL OXYGENATES 
Rafael González Olmos 
ISBN:978-84-691-9865-0/DL:T-149-2009
Thermodynamics and Remediation for Fuel Oygenates 
 
 125 
3. DATA PROCEDURE  
3.1 Correlation of derived magnitudes 
The experimental measurements of density and ultrasonic velocity and the corresponding 
derived properties are presented in Table 2 (To see the whole table 2 with all temperatures see 






iiQxQQ                                                           (1) 
In this equation, δQ means the variation of a magnitude Q (VE, excess molar volumes and δκS, 
changes of isentropic compressibilities calculated by the Laplace-Newton from density and 
ultrasonic velocity), Qi is the pure solvent magnitude (mixing molar volume or mixing 
isentropic compressibility), xi is the mole fraction, and N is the number of components into 
the mixtures. 
A Redlich-Kister equation type [8] was used to correlate the derived properties of the binary 






jipjiij xxBxxQ                                               (2) 
where δQij stands for the derived  magnitude (VE or δks ) and m is the degree of the 
polynomial. Bp are the temperature dependent fitting parameters and are as follows 






ijp TBB           (3) 
The Bij parameters were computed and enclosed with their root means square deviations in 
Table 3 and 4. The root mean square deviations presented were computed using the Eq. 4, 

























                                                      (4) 
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No previously data have been found at the entire range of temperatures studied for this binary 
mixtures. Only a few collections of data related to excess volume for the range 288.15 until 
323.15 K for Ethanol + (benzene, toluene, ethylbenzene, tert-butyl alcohol, isooctane, p-
xylene, m-xylene and o-xylene) was found. As far as we know, no previously wide study has 
been gathered until now, enclosing ultrasonic velocities. Curves of the experimental derived 
magnitudes excess molar volume and changes of isentropic compressibility for the binary 
mixtures Ethanol + (benzene, toluene, tert-butyl alcohol, ethylbenzene, isooctane, p-xylene, 
m-xylene and o-xylene), have been plotted in Figures 1 and 2, at 288.15 K, 303.15 K and 
318.15 K.   
 
Fig 1. Excess molar volumes of mixtures of ethanol + (benzene, toluene, ethylbenzene, 
isooctane, TBA and xylene isomers) at (a) 288.15 K (b)  303.15 K (c) 318.15 K. Redlich-
Kister fitted curves (continuos line). 
(1a) 
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Fig 2. Deviation of isentropic compressibility of mixtures of ethanol + (benzene, toluene, 
ethylbenzene, isooctane, TBA and xylene isomers) at (a) 288.15 K (b)  303.15 K (c) 318.15 K. 
Redlich-Kister fitted curves (continuos line). 
(2a) 
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As tert-butyl-alcohol is solid at 288.15K, the mixture ethanol + TBA was measured only from 
300.65 K to 323.15K and so the curve for this mixture were not included in figures 1a and 2a. 
Comparison of the fitted densities for the binary mixtures ethanol + (benzene and toluene) 
with open literature have been plotted in Figure 3 and 4. 
 
Fig 3. Comparison of the obtained fitted densities for mixtures of ethanol 
+ benzene with open literature data from Serbanovic et al.5  



































Fig 4. Comparison of the obtained fitted densities for mixtures of ethanol 
+ toluene with open literature data from Zéberg-Mikkelsen et al.6  
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3.2 Estimation models for isentropic compressibility: Collision Factor Theory and Free 
Length Theory  
Experimental data for the deviation of isentropic compressibility of the mixtures were 
compared with values determined by different mixing procedures. The Collision Factor 
Theory, (CFT) [11, 12] (eq. 5) and Free Length Theory (FLT) [11, 13], (eq. 6) for the 














































κ                                      (6) 
The Collision Factor Theory (CFT) is dependent on the collision factors among molecules as a 
function of temperature into pure solvent or mixture. The pertinent relations in these 
calculations and its theoretical basis were described in the literature cited above. The collision 
factors (S) and the characteristic molecular volumes (B) of the pure solvents used in the CFT 
calculations were estimated by using the experimental ultrasonic velocities, enclosed in this 
paper, and the corresponding molar volumes.  
The Free Length Theory estimates the isentropic compressibility of a mixture attending to the 
free displacement of molecules (Lf) as a main function of temperature. In the last few years 
different authors have compared the relative merits of the existent theories with the Free 
Length Theory (FLT), the FLT results in lower deviations of computed isentropic 
compressibilities from experimental values. The deviations of each procedure for the studied 
mixtures are gathered into Table 5. In the Figure 5 the accuracy of the models could be 
observed for the binaries mixtures at 303.15 K, for comparison.  
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Table 5. Root mean square deviations for estimated deviation of isentropic 







 288.15 K 303.15 K 323.15 K 288.15 K 303.15 K 323.15 K 
Ethanol+ Benzene 6.819 7.229 6.543 0.619 0.877 2.460 
Ethanol + Toluene 
Benzene 
11.968 12.206 12.568 1.101 1.050 4.176 
Ethanol +  Ethylbenzene 21.233 23.536 24.764 1.624 1.317 5.932 
Ethanol+p-Xylene 25.651 25.351 19.449 1.795 1.273 5.211 
Ethanol+m-Xylene 17.790 19.322 21.069 1.401 1.223 5.373 
Ethanol+o-Xylene 25.717 28.145 32.665 2.016 1.510 7.471 
Ethanol+ Iso-octane 38.959 53.159 77.745 2.130 2.269 12.895 
Ethanol + TBA -- 10.089 13.956 -- 0.398 3.000 
 
 
Fig 5. Comparison of the experimental deviation of isentropic compressibility (TPa-1) and fitted by a) CFT and b) 
FLT of mixtures of ethanol + (benzene, toluene, ethylbenzene, isooctane, TBA and xylene isomers) at 303.15 K. 
(5a) 
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4 DISCUSSION AND CONCLUSIONS 
Studies on phase equilibria and excess properties of liquid mixtures are of considerable 
importance for design of separation process equipment and theoretical modelling. Ethanol is 
used as gasoline additive in traditional vehicle motors and also as a gasoline + ethanol mix 
fuel in flex fuel motors. The phase equilibrium and excess properties for systems containing 
ethers, alcohols, and hydrocarbons have been the subject of numerous works in the last few 
years. Nevertheless, more data are required to develop solution models and to design 
separation process units. For this aim, we present in this paper the temperature dependence of 
the density and ultrasonic velocity of the binary mixtures of Ethanol + (benzene, toluene, 
ethylbenzene, TBA, isooctane and xylene isomers) at the range 288.15 - 323.15 K and 
atmospheric pressure, as a function of molar fraction. From the experimental values, the 
corresponding derived properties (excess molar volumes and change of isentropic 
compressibilities) were fitted with a temperature dependent Redlich-Kister type polynomial. 
Due to the expense of the experimental measurement of such data and current processes 
design is strongly computer oriented, consideration was also given to how accurate theoretical 
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models work. At any system of this work, a slight dependence of temperature is observed for 
the studied range. The mixtures ethanol + (benzene, toluene, ethylbenzene, and xylene 
isomers) presents two regions of different character: one expansive region which is increased 
with higher temperatures and a contractive region with negative trend at high ethanol 
compositions due to the capability of the oxygen molecular group into the ethanol molecule to 
create dipole interactions among ethanol molecules. This negative gap was confirmed at any 
temperature and by repeated measurements diminish with increasing temperature. The 
mixture ethanol + isooctane present an expansive character in all composition range except for 
the two lowest temperatures where a very small contractive gap appears in dilute alcohol 
region. The mixture ethanol + TBA presents a contractive behaviour in all composition range, 
this effect diminish with the rise of ethanol molar fraction and is higher with temperature 
increasing, this effect is due to the interactions of the hydroxyl groups of the two alcohols. In 
terms of isentropic compressibilities, only negative deviations were obtained for ethanol + 
(toluene, TBA, ethylbenzene and xylene isomers) (Figure 2), this effect is slightly increased as 
the temperature rises, except for ethanol + p-xylene mixture in which  the negative gap is 
inversely affected by temperature. The isentropic compressibilities for ethanol + isooctane  
mixture have the same characteristics of excess volume and only positive deviations is 
observed. ethanol + benzene presents as the other aryl compounds a major negative trend for 
mixing isentropic compressibilities however in the ethanol dilute regions it has a small 
positive gap which is increased as temperature is raised. Attending to this facts, this trend 
would seem to indicate: a) a more organized packing effect in equimolar compositions of 
ethanol + (benzene, toluene, ethylbenzene, TBA and xylene mixtures), b) breakdown of 
ethanol-ethanol interaction for the mixture ethanol + isooctane, and c) positive effect for this 
binary mixture due to the stronger specific interactions of aliphatic ends by steric hindrance 
interactions. As shown in Table 5, the CFT method fails to describe the isentropic 
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compressibilities however FLT is able to describe the data satisfactorily. 
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2.4.3. Vapor Liquid Equilibria 
In this chapter will be analyzed interactions between oxygenates compounds and aromatic 
compounds used in the gasoline blending in terms of vapor-liquid equilibria at 101.325 kPa. 
The activity coefficients and binary interaction parameters of several models were obtained. In 
addition accurate predictions were performed. The oxygenated compound studied in this part 
was ETBE and the aromatics used were p-xylene, m-xylene and ethylbenzene. 
 
The chapter is formed by an only article called “Vapor-Liquid Equilibria for Binary Mixtures 
Containing Ethyl tert-Butyl Ether + (p-Xylene + m-xylene and Ethylbenzene) at 101.3 kPa” 
and was published in 2007 in Physics and Chemistry of Liquids. In this work were studied 
three binary systems formed by ETBE + (were p-xylene, m-xylene and ethylbenzene). 
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2.4.4. Water solubility 
In this chapter will be studied the water solubility as temperature and tert-butyl alcohol 
function of the 4 most used ethers as oxygenated compound in processes of gasoline blending 
(MTBE, ETBE, TAME and DIPE). Several parameter as activity coefficients at infinite 
dilution, Henry’s constant law and several thermodynamics magnitudes related to the water 
solubility were calculated. Furthemore predictive models as UNIFAC were uses. 
 
The chapter is formed by an only article named “Study of Fuel Oxygenates Solubility in 
Aqueous Media as Temperature and tert-Butyl Alcohol Concentration” and was published in 
2008 in Chemosphere.  
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Chapter 3. REMEDIATION AND PURIFICATION OF FUEL 
OXYGENATES SPILLED IN WATER 
 
3.1 INTRODUCTION 
The physico-chemical properties of fuel oxygenates (high solubility, low Henry’s law constant 
and low octanol water partition coefficient [1]) make them difficult for their treatment with 
conventional water cleaning technologies, including air stripping and carbon adsorption [2-5]. 
The several process variables that are involved in these techniques strongly affect their 
efficiency. One of the typical parameter that can vary more often is the temperature since 
usually these processes are carried out at environmental conditions. For this reason is 
important to improve the knowledge of the temperature dependence of physico-chemical 
properties that can affect to the cleaning processes.  
Due to the difficulty of removing hardly biodegradable contaminants, such us fuel oxygenates, 
with physical processes, nowadays, advanced oxidation processes (AOPs) are becoming more 
important technologies [6-11]. They are based on generating reactive radicals, mainly hydroxyl 
radicals, which oxidize the target organic pollutant. These radicals are the second most 
powerful oxidants only behind of fluorine [12]. The most used compounds to generate hydroxyl 
radicals are ozone and hydrogen peroxide. The limited ozone solubility in water at mild 
conditions and its short lifetime makes its use expensive. Furthermore, hydrogen peroxide is a 
safer reactant than ozone. In order to produce hydroxyl radicals from H2O2 photochemical or 
catalytic activation is necessary. Photoactivation needs UV radiation while catalytic activation 
is achieved by the Fenton mechanism schematically reported below. 
The Fenton reagent consists of a homogeneous system of iron ions and hydrogen peroxide. It 
is a well-known and efficient oxidant of organic compounds dissolved in water [7, 10, 13-16]. The 
main drawbacks are that the use of metallic salts as catalyst increases the water pollution and 
the necessity of working at low pH (about pH 3) to achieve acceptable conversion rates. In the 
last years increasing attention has been paid to research on heterogeneous Fenton-like systems 
as an alternative to overcome these problems. Either solid iron oxides [17] or iron species 
immobilized on solid supports such as zeolites [12, 18, 19], mesoporous solids [20] or Nafion 
membranes [21] have been applied. Zeolites offer various properties which can give them 
advantage over other supports.  
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On the other hand, ionic liquids (ILs) are a class of new solvents which are increasingly being 
applied for different uses due to an important number of promising properties [22-26]. These 
kinds of compounds can be divided into two main categories, aprotic ionic liquids and protic 
ionic liquids. The latter are produced through proton transfer from a Brønsted acid to a 
Brønsted base. In the last few years, despite the scarce of studies and experimental work 
developed, there has been increasing interest in protic ionic liquids as well as in their many 
potential applications.  
 
This part of the work is an extensive study of technological processes of removal from water 
and purification of fuel oxygenates. The temperature dependence of physical processes such 
us batch air stripping (BAS)/aeration and adsorption into granulated activated carbon (GAC) 
were analyzed. Catalytic studies of wet peroxide oxidation with Fe-containing zeolites as 
catalyst were carried out in order to reduce the MTBE concentration in groundwater at 
ambient conditions and pH = 7. Finally, the use of the protic ionic liquid 2-hydroxy 
ethylammonium formate (2-HEAF) as extractant to dehydrate MTBE was analyzed. All these 
studies are focused from a thermodynamical and/or kinetic point of view. 
 
3.1.1 Objectives 
5. Study the effect of temperature in aeration and adsorption processes. 
6. Study the dehydratation of MTBE with Ionic Liquids. 
7. Study the wet peroxide oxidation of MTBE with Fe-containing zeolites as catalyst.  
 
3.1.2 Literature review 
Some temperature dependences of physico-chemical properties for fuel oxygenates are found 
in literature. Arp and Schmidt obtained Henry's Law Constant for ethers by a static method 
[27]. Gonzalez-Olmos et al. [28, 29] studied the temperature dependence of water solubility, 
density and speed of sound of the same compounds. Krahenbuhl and Gmehling reports vapor 
pressure for ethers [30]. Vapor pressure is also published with vapor-liquid equilibria data for 
binary and/or ternary mixtures containing ethers as in the works of Toghiani et al. [31], Arce et 
al. [32] and Loras et al.[33] . Marsh et al. review the state of the art of the thermodynamics 
involving these kinds of compounds [34].  However, few and poor systematic studies of the 
temperature dependencies and thermodynamics of aeration and adsorption processes of fuel 
oxygenates are found in the literature.  
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Yu et al. [35] examined the adsorption isotherm of MTBE, ETBE and other fuel oxygenates at 
295.15 K using two bituminous-coal GACs (Calgon F400 and F600). These carbons are 
commonly used in drinking water treatment plants. Sutherland et al. [3] also studied the 
adsorption properties of the same GACs and compounds. They worked at environmental 
temperature and with mixtures of ethers and thus GAC capacities for individual ethers were 
not determined. These two studies demonstrated that the relative affinity of F400 and F600 
was higher for ETBE than for MTBE. Shih et al. [36] studied the ether adsorption process in 
the presence of other compouns such as BTEX or natural organic material (NOM) in real 
waters (surface and ground waters). 
On the other hand, exists several isothermal works that analyze the effectiveness of aeration or 
stripping (always in a continuous process) to remove ethers (especially MTBE) from water. 
Sutherland et al. [3] examined the treatment of MTBE using air stripping, advanced oxidation 
techniques and GAC adsorption in a pilot plant. The work concluded that at high flow rates air 
stripping tend to be the most adequate treatment in terms of economy and efficiency. At lower 
rates, all the techniques were competitive and the process selection could be based on other 
factors. Similar results were obtained by Baus et al.[5]. These works conclude saying that 
stripping is an effective technique but it could be expensive. The reasons are the need of high 
air flow consumption to achieve the recommended concentration levels and the need of a post 
treatment in order to capture the fuel oxygenate in the exhaust air, what increase the 
operational costs. Ramakrisan et al. [37] studied the performance of the combination of air 
stripping with off gas treatment based on adsorption. High removal efficiency was achieved 
and mass transfer coefficients were obtained. On the other hand Wilhem et al. [4] apply air 
stripping to remove MTBE from a river. They analyzed the process from an economical point 
of view and conclude that to remove high concentrations of MTBE could be non cost-
effective. Thomson et al. [38] apply the technique in a field site with permeable barriers to 
remove MTBE from groundwater. Finally Bass et al. [39]  studying the effect of using heated 
air in stripping towers in order to improve the efficiency to remove MTBE and they found that 
the efficiency was increased considerably. Finally there is no work in the literature that studies 
the aeration/stripping of ETBE. 
 
Most of the studies conducted on wet peroxide oxidation using Fe-zeolite catalysts were 
focused on phenolic compounds [18, 19, 40-42]. However, MTBE is known to be adsorbed on 
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various zeolites [43] and it has been shown to be degradable by AOPs such as treatment by 
Fentons reagent [44, 45] or (UV)/H2O2 and O3/H2O2 [3, 5]. 
The field of protic ionic liquids is relatively new and there is no so many works into the 
literature [46-50]. Related with the ionic liquid, 2-hydroxy ethylammonium formate (2-HEAF) 
used in this thesis there is a previous work [51] that is the first work that synthetised and 
studied it. After this work our group started to work in the synthesis of more ionic liquids [52] 
of the same family (ionic liquids ammonium based) and investigate their thermodynamical 
behaviour and scientific applications such us extractants (see chapter 3.4.3 of this work) or 






Water was Millipore quality with organic total mass <5 ppb and resistivity 18.2 MΩcm. All 
chemical products used in the preparation of samples were of Merck quality with richness 
better than 99.5 mol% except ETBE that was provided by REPSOL-YPF with purity higher 
than 96 mol%. The pure compounds were stored in glass containers protected from sunlight 
and constant humidity and temperature. Usual manipulation and purification was applied as in 
previous experimental works [59]. The densities and ultrasonic velocities of pure compounds 
and their mixtures were measured with an Anton Paar DSA-5000 densimeter and sound 
analyzer. All products were degassed using ultrasound and dried on molecular sieves (pore 
diameter 0.4 nm and 0.3 nm from Merck) before use. Densities and speed of sound of the pure 
substances are given in Table 3.1 and compared with literature values. The granulated 
activated carbon used in the adsorption experiments was a F400 supplied by Chemviron. On 
the other hand, the humic acid used in the heterogeneous Fenton reaction experiments was 
purchased from Carl Roth GmbH, Karlsruhe, Germany and was used without further 
purification. Finally the applied zeolites Fe-ZSM5 and Fe-Beta were supplied by Süd-Chemie 
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Table 3.1. Physical properties of pure compounds: Density ρ, and speed of sound u, at 298.15 K. 
  Molecular weight ρ/(kg·m-3)             u (m·s-1) 
  Exp Lit.a Exp Lit.b 
MTBE 88.150 0.734406 0.7353[60] 1036.63 1035[60] 
ETBE 102.180 0.735357 0.735[61] 1033.23 n.a 
TBA (at 303.15 K) 74.123 0.775212 0.7762[62] 1108.98 1104.8[62] 
Water 18.015 0.99704 0.99712[63] 1496.89 1496.69[63] 
2-HEAF 107.110 1.17709 n.a 1719.59 n.a 
 
3.2.2 Batch Air Stripping 
Stocks solution of water with fuel oxygenates were prepared in order to assure that the initial 
concentration for each experiment was the same. The stock solutions were obtained by 
equilibrating the hydrocarbon with water in a separate vessel. The general procedure was to 
strip the hydrocarbon dissolved in water with compressed air. Figure 3.1 shows a schematic 
diagram of the apparatus used. The column was filled with the stock solution and then 
compressed air was passed through a low-pressure line regulator and an Agilent Flow Tracker 
1000 (gas flowmeter). Then the air was introduced to the thermostatic bath in order to keep its 
temperature as in the stripping cell. After that, the air was introduced into the bottom of the 
stripping vessel through a fritted glass disk. The system was maintained at constant 
temperature ± 0.6 K with a Polyscience bath model 9010. The air flow rate was set at 100 to 
400 ± 20 ml min-1 range. The concentration of fuel oxygenates was monitored by gas 
chromatography (GC-FID). All the experiments were carried by triplicate in order to calculate 
errors. 
 
Figure 3.1. Schematic of Batch Air Stripping cell. Thermometer and polluted water inlet, 1; outlet 
thermostatic bath, 2; inlet thermostatic bath, 3; fritted glass, 4; gas flowmeter, 5; air inlet, 6; 
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Figure 3.2 shows a schematic diagram of the apparatus used for the adsorption isotherms and 
kinetics experiments. The adsorption cell consists on a jacketed vessel. The system was 
maintained at constant temperature +/- 0.01 K with a Polyscience bath model 9010. The 
temperature inside of the cell was measured with a digital platinum 100 Ω resistance 
thermometer with an accuracy of ± 0.01 K. 
 
Figure 3.2. Schematic of adsorption cell. 1 Magnetic Stirrer, 2 Outlet thermostatic bath water, 3 
Polluted water inlet, 4 Thermometer inlet,  5 Take of sample, 6 Inlet thermostatic bath, 7 Adsorption 
compartment, 8 Thermostatic bath. 
 
 
Stock solutions of MTBE and ETBE were prepared in deionised water and stored at 277.15 K 
in 250 ml bottles without headspace until use. Isotherms were conducted in the adsorption cell 
without headspace to prevent volatilization losses at 288.15-308.15 K range. The different 
experimental points of the isotherms were carried out at constant initial concentration with 
different loads of GAC (1, 10, 25, 50, 75, 100 (g L-1)). Another additional experiment was 
carried out without any GAC to confirm no losses of analyte due to other mechanisms 
(volatilization, sorption to glass, abiotic degradation, etc). Isotherms were conducted during 
24 hours based on the kinetics experiments that showed that more than 99 % of equilibrium 
was achieved for both ethers. The initial and final concentration was determined by GC-FID. 
In order to determine the adsorption kinetics the mass of GAC was kept constant in all the 
experiments at 50 (g l-1). Adsorption of the fuel oxygenates in different temperatures values 
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3.2.4 Liquid-Liquid Equilibria and Ionic Liquid Synthesis 
2-Amino ethanol was placed in a threenecked flask all-made-in-glass equipped with a reflux 
condenser, a Pt-100 temperature sensor for controlling temperature and a dropping funnel. 
The flask was mounted in an ice bath as shows figure 3.3. The formic acid was added 
dropwise to the flask under stirring with a magnetic bar. Stirring was continued for 24 h at 
laboratory temperature, in order to obtain a final viscous liquid. The reaction is a simple acid–





Due to the reaction of formic acid and ethanolamine is highly exothermic, an adequate   
cooling is essential throughout the chemical reaction, otherwise heat evolution may produce 
the dehydration of the salt to give the corresponding formamide. As observed in laboratory 
during ionic liquid synthesis, dehydration commences around 423.15 K. The purification step 
consists on a strong agitation and slight heating for vaporization of residual non-reacted acid 
at least for 24 h. During the purification is very important to keep that temperature does not 
overcome 423.15 K because the dehydration of ionic liquid begins and amides are generated 
by decomposition. At each case, spectrometry and thermodynamic measurements are made in 
order to ensure purity and structure of the product before experiments in our lab. 
 
Figure 3.3. Schematic of ionic liquid synthesis reactor. 1 Reactor, 2 Condenser, 3 Thermometer, 4 
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In order to carry out the liquid-liquid equilibria experiment, firstly, samples were prepared 
covering the whole composition ranges of the mixtures under immiscibility. Each vial was 
weighted with a precision (±2 10-5 g) device (GRAM-VXI Serie Analytical Balance). All the 
solutions were kept tightly sealed to minimize absorption of atmospheric moisture. 
Measurements were performed immediately after preparation of solutions. The densities and 
ultrasonic velocities of pure componentes and their mixtures were measured with an Anton 
Paar DSA-5000 vibrational tube densimeter and sound analyzer, with a resolution of 10-5 gcm-
3 and 1 ms-1. Accuracy in the temperature of measurement was better than ±10-2 K by means 
of a temperature control device that applies the Peltier principle to maintain isothermal 
conditions during the measurements. The apparatus for the liquid-liquid equilibria (LLE) 
determination consists of a glass cell with a water jacket in order to maintain a constant 
temperature. Temperature was controlled within ±5·10–2 K inside the cell. The cell was 
connected to a controller bath, with a stability of ±10–2 K. The temperature of the cell was 
controlled by a water jacket and maintained with an accuracy of within 0.1 K. A magnetic 
stirrer provided sufficient agitation within the apparatus. The prepared mixtures were 
introduced into the extraction cell and were stirred for 1 h, and then left to settle for 24 h for 
phase separation. Samples of less than 1 mL were carefully taken from the upper layer with a 
syringe and from the lower layer through a sampling tap. Densities and ultrasonic velocities 
were measured at 298.15 K by using an Anton Paar DSA 5000. 
 
3.2.5 Advanced Oxidation Processes with Fe-Zeolites/H2O2 
The determination of equilibrium isotherms in Fe-Zeolites was carried out at room 
temperature (298.15 ± 2 K). They were obtained preparing several suspension samples with 
different concentrations of zeolite and different total concentrations of MTBE in 250 ml-
flasks with Mininert® valves. After 24 hours of shaking on a horizontal shaker, the 
concentration of the freely dissolved fraction was determined by headspace analysis. 
In order to determine the kinetics of the sorption process a suspension of zeolite (5g/l) in 200 
ml of neutral deionized water was filled into a 250 ml-flask with Mininert® valve and shaken 
overnight on a horizontal shaker. Afterwards, the sorption experiment was started by adding 
an aqueous stock solution of MTBE resulting in a total concentration of CMTBE=100 mg/l. At 
several points in time the concentration of the freely dissolved fraction of MTBE was 
determined by headspace analysis. Furthermore, the desorption kinetics of the process was 
studied. Samples of the adsorption experiment described above were allowed to equilibrate 
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over a time period of 4 days. Afterwards, the samples were centrifuged and the clear water 
phase decanted. The zeolite was transferred into a 250 ml-flask with a Mininert® valve. The 
desorption process was started by addition of 200 ml of neutral deionized water. After various 
time periods, the concentration of the freely dissolved fraction of MTBE was determined by 
headspace analysis. 
For the catalytic experiments, a stock solution of 1 g/l of MTBE in deionized water was used 
to prepare samples with a concentration of 100 mg/l. The samples were filled into 120 ml-
flasks with a Mininert® valve and two valves to depressurize the reactor. After that, the 
catalyst was added in the reactor. The pH was adjusted to 7 and readjusted during the reaction 
if necessary by adding NaOH. Adsorption was allowed to come to equilibrium for at least 24 
h, while the samples were shaken on a horizontal shaker. Afterwards, the concentration of the 
freely dissolved fraction of the organic compounds was determined by headspace analysis. If 
solvent extraction of the reaction suspension was conducted 0.5 mL-aliquots were retained, 
spiked with 0.22 mmol of sodium thiosulfate in order to stop the reaction and extracted with 
0.5 mL of n-hexane containing toluene as an internal standard for at least 2 h. The extract was 
analysed by GC-MS. The reaction was started by adding a certain amount of H2O2 solution 
(30 wt%). The concentration of H2O2 was monitored by photometry, as explained below. In 
order to keep the concentration of H2O2 approximately constant (± 20% of the starting value) 
further H2O2 was either periodically added into the reactor manually or continuously fed using 
a syringe pump (Lambda vit-fit) (see figure 3.4). The latter option was chosen in the 
experiments with a high concentration of Fe-ZSM5 (≥ 25 g/l) where the decomposition was 
faster (half-life of H2O2 ≤ 15 min). The flasks were vigorously shaken on a horizontal shaker. 
 
Figure 3.4. Schematic of MTBE oxidation system. 1 Mixer, 2 Reactor, 3 Catalytic suspension, 4 Headspace, 5 
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In case of low sorption of the organic compounds to the zeolites (sorbed fraction ≤ 15 g/l) the 
residual concentrations of the organic compounds were determined by headspace analysis 
during the course of the reaction. Otherwise, headspace analysis was only applied to 
determine the concentration of the freely dissolved fraction and the total remaining 
concentration of the organic compounds was obtained by liquid-liquid extraction of the 
reaction suspension followed by GC-MS analysis of the extracts as described below.  
In order to carry out the competition reaction experiments with diethyl ether and 
trichloroethylene, stock solutions with 1 g/l of the two compounds were prepared. For the 
experiment with humic acid a stock solution of 1 g/l was prepared. To dissolve the humic acid 
a solution of NaOH was used (50 mL of 0.02 M NaOH for 100 mg humic acid). Finally the 
pH of the humic acid solution was adjusted with dilute HCl to pH 7. 
 
3.2.6 Analytical methods 
The concentrations of fuel oxygenate in the aeration and adsorption experiments were 
obtained by GC/FID using the direct aqueous injection technique. The GC used was a 
Hewlett-Packard 6890 and the column was a 30 m capillary column (DB-624). 
In order to characterize the synthesis product and to confirm the ionic structure of the liquid 
synthesised (2-HEAF), 1H-NMR and FT-IR spectrums were performed. 1H-NMR spectrum 
(measured on a Varian 400 MHz spectrometer, using DMSO-d6 as solvent with TMS as 
internal standard). FT-IR spectrum was taken by a Jasco FT/IR 680 plus model IR 
spectrometer, using a NaCl disk.  
In the experiments of oxidation of MTBE with Fe-Zeolites the concentration of the organic 
compounds in the reaction solutions was determined by GC-MS analysis (GC HP 5890 and 
MS HP 5972 mass spectrometer detector, Agilent, Germany) operating in the selected ion 
monitoring mode and with a capillary column JW DB-624 (film thickness: 1.8 µm). H2O2 
content was determined by photometric measurements using a solution of titanium oxide 
sulphate and a UV mini 1240 Shimadzu spectrophotometer. For determination of the carbon 
content a TC detector was applied which consisted of a two-zone combustion unit (700° C 
combustion zone, 800°C catalytic post-oxidation zone with 0.5 wt% Pt/Al2O3 as catalyst), 
membrane dryer (PermaPure, USA) for drying of the combustion gas and NDIR detector (type 
34364, Saxon Junkalor, Germany) for CO2 detection. Potassium hydrogen phthalate was used 
for calibration. In order to remove inorganic carbon prior to analysis, samples were acidified 
(pH ≤ 5) and purged with N2 for 5 min.  
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In order to estimate majors elements of zeolites such us iron content was followed the next 
procedure. Aliquots of the sample powder were diluted with Li2B4O7 (1 g sample + 7 g 
Li2B4O7) to prepare glass discs by fusion at 1200°C in a 95% platinium-5% gold crucible for 
20min. The XRF-measurements were performed by means of the WDXRF-spectrometer S4 
PIONEER (Bruker- AXS ), equipped with a 4 kW-Rh X-ray tube (75 µm Be window), 60 kV 
generator and an eight-position crystal changer. The spectrometer operating conditions were 
vacuum, 34mm collimator mask and 0,23° collimator in conjunction with the analysing 
crystals OVO 55, Ge, LIF 100 and LIF 110. The calibration functions for the individual 
analytes based on relationships between certified concentration data and the measured 
response provided by the analysis of reference materials: CANMET-LKSD1-LKSD4 (lake 
sediments), CANMET-STSD1-STSD4 and GBW07309-11 (stream sediments), NIST-
SRM2689 and NIST-SRM2691(coal fly ashes). The measurement process and data collecting 




3.3.1. Batch Air Stripping 
A mathematical description of the stripping process can be readily assembled [64] if it is 
assumed (1) that the system is isothermal, (2) the liquid phase is well mixed, (3) the vapor 
behaves ideally, (4) Henry's law is obeyed over the relevant concentration range, (5) the 
volume of liquid remains constant, (6) the partial pressure of the solute is small compared to 
the total pressure, and (7) the solute in the exit vapor is in equilibrium with the liquid. A 

























V iH                                                     (3.1) 
 
where KiH is the Henry’s constant law (L atm mol-1) C is the concentration of ether, G is the 
gas flow rate (ml min-1), V is the volume of the liquid (ml), R is the universal gas constant, T 
is the temperature (K), and t is time (min). This equation can be integrated from initial 
conditions when t = 0 and C = C0 to give: 
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GK iH .  
 
An alternative way to express KiH is by using the dimensionless ∞γ iw value. This conversion is 









K ∞γ==      (3.3) 
 
where Ciw is the molar water solubility (mol L-1), ∞γ iw , is the activity coefficient of the 
compound i in water at infinite dilution, wV is the molar volume of water (L mol
-1) and *ip  is 
the vapor pressure at the corresponding temperature (atm).  
 
In order to see how important is the presence of TBA in the BAS process a ratio of Henry’s 







R =       (3.4) 
 
where Kdim iH’ is the dimensionless Henry’s constant law at a determined molar fraction of 
TBA and Kdim iH is the dimensionless Henry’s constant law with no presence of TBA. To 
obtain the dimensionless Henry’s constant law is necessary to divide KiH by the universal gas 
constant and temperature. 
 
The temperature dependence of KiH can be related to the enthalpy of vaporization (∆vapHi ), 
the aqueous free excess enthalpy of solution ( EiwH ), and the enthalpy of water-air transfer 
(∆waHi ), through the following equations [66]. 
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=       (3.5) 
 
E
iwivapiwa HHH −∆=∆       (3.6) 
 
3.3.2. Adsorption 
Adsorption isotherms results were analyzed according to linearized forms of the Freundlich 




eqe KCq =       (3.7) 
 







=      (3.8) 
 
where Ceq is the equilibrium aqueous phase concentration (mg l-1), C0 is the initial aqueous 
phase concentration (mg l-1), V (l) is the volume of adsorbate solution m (g) is the mass of the 
GAC and K and 1/n are the Freundlich constants. The linearized form of the Freundlich 




Klogqlog +=     (3.9) 
 








=      (3.10) 
 
where qmax and b are the Langmuir constants. The linearized form of the Langmuir equation 
for regression was: 
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Some probable kinetic models were applied to fit the experimental data. These models include 




tkq it =       (3.12) 
 
first order which can be formulated as 
 
tkClnCln 10 −=−      (3.13) 
 















−      (3.14) 
 
where qt is the amount of adsorbate adsorbed at any time, C the concentration of adsorbate at 
any time, t the time and ki, k1 and k2 are the rate constants for the diffusion, first order and 








=      (3.15) 
 
 








=      (3.16) 
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where A is the frequency factor (min-1), R is the ideal gas constant, Ea the activation energy 
(kJ mol-1), T is the absolute temperature (K). The linear equation is obtained by taking the 











Aln)kln( a2     (3.17) 
 






K =       (3.18) 
 
where Kc is the equilibrium constant, Mads the adsorbed amount of adsorbate at equilibrium 
(mg l-1) and Ceq is the equilibrium concentration of adsorbate (mg l-1). The changes in the 
Gibbs free energy (∆G○) were evaluated by 
 
)Kln(RTG c−=∆
°      (3.19) 
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3.3.3. Liquid-Liquid Equilibirum 
The NRTL equation [68] was used to correlate the experimental liquid-liquid equilibria data. 
The expression of the activity coefficients for multicomponent mixtures has the following 
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ij                                       (3.22) 
( )jijiji expG τα−=                                    (3.23) 
jiij α=α                                                          (3.24) 
 
where T is the temperature in K and (Bij) and αij are fitting parameters.  
In this work a least-squares technique all points weighting equally was used for estimating the 
parameters in each model from tie line data. An objective function was stated in terms of 
concentration difference between experimental mole fraction and calculated mole fraction of 
tie lines. This function had the following form:  
 










jk )i(x)i(xminF      (3.25) 
 
The experimental tie line data were correlated at each temperature to test consistency by the 
method of Othmer-Tobias [69] . A correlation factor close to one suggests a high degree of 
consistency of the related data. The equation proposed by Othmer and Tobias was expressed 





























      (3.26) 
 
where ω is mass fraction, the subscript means the compound into mixture, the superscript 
means the equilibrium phase, and a and b are fitting coefficients. 
 
3.3.4. Wet peroxide oxidation with Fe-Zeolites 
The kinetics of wet peroxide oxidation of the fuel oxygenates Fe-Zeolites/H2O2 system can be 
reasonably well fitted to a pseudo-first-order model which can be formulated as 
 
tkClnCln 10 −=−      (3.27) 
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where C is the concentration of the compound at any time (t), C0 is the initial concentration 
and k1 is the pseudo-first-order rate constant. 
 
On the other hand, the catalytic activity of the zeolites (A) is calculated with equation 3.28 






l=       (3.28) 
 
3.4 RESULTS AND DISCUSSION 
As a result of this part of the work has been obtained the temperature dependence of the 
aeration and adsorption process of MTBE and ETBE. From the experimental data, Henry’s 
law constant were calculated and compared with those obtained by static methods. The 
thermodynamics function of the aeration process, aqueous free excess enthalpy of solution 
( EiwH ) and enthalpy of air-water transfer (∆waHi ) for MTBE and ETBE were calculated and 
compared with literature values . Finally the effect of the cosolvency of tert butyl alcohol 
(TBA) was also analyzed being found a strong effect in the stripping of MTBE. The results 
show the dependence of the adsorption isotherms with temperature for MTBE and ETBE into 
granulated activated carbon. Data obtained from the adsorption kinetic studies was treated 
according to various kinetic models being the second order model the most suitable one on the 
overall. Thermodynamic parameters (∆G○, ∆H○, ∆S○) for the adsorption process were 
calculated.  
 
On the other hand the liquid-liquid equilibria data for the ternary mixture (Water + 2-Hydroxy 
Ethyl Ammonium Formate (2-HEAF) + Methyl tert Butyl Ether (MTBE)) was investigated at 
different temperatures to determine the potential interest of a new protic ionic liquid as 
solvent for dehydration of MTBE. The computed coexistence curves were of type II in 
accordance to Treybal’s description at every temperature. The experimental tie lines data were 
correlated to test consistency with the Othmer-Tobias equation. As a result of these intense 
interactions, sharp separations of water and ether mixtures by extraction are possible with low 
concentration of ionic liquid. The obtained results confirm 2-HEAF as a potential agent for 
MTBE dehydration and purification. 
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Finally the heterogeneous catalytic wet oxidation of methyl tert-butyl ether (MTBE) with 
hydrogen peroxide, catalyzed by the iron-containing zeolites Fe-ZSM5 and Fe-Beta was 
studied at ambient conditions and pH 7. The kinetics of MTBE degradation could be well-
fitted to a pseudo-first-order model. Using Fe-ZSM5 the dependence of the reaction rate 
constant on hydrogen peroxide and catalyst concentration was determined. Furthermore, the 
formation and oxidation of tert-butyl alcohol and tert-butyl formate as intermediates of MTBE 
oxidation were studied. A comparison of the reaction rates of MTBE, trichloroethylene and 
diethyl ether in the Fe-ZSM5/H2O2 system revealed that adsorption plays a positive role for 
the degradation reaction. Comparing the two types of Fe-containing zeolites applied in this 
study, Fe-Beta showed a lower catalytic activity for H2O2 decomposition and also MTBE 
degradation. However, in terms of utilization of H2O2 for MTBE degradation Fe-Beta is 
advantageous over Fe-ZSM5. This could be explained by the stronger adsorptive enrichment 
of MTBE on the Fe-Beta zeolite. This study shows that Fe-containing zeolites are promising 
catalysts for oxidative degradation of MTBE by H2O2. 
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ABSTRACT: The thermodynamics of the mass transfer process of fuel 
oxygenates (MTBE and ETBE) from aqueous phase to air by batch air stripping 
(BAS) has been studied in this work. The study analyzes the influence of the 
aeration flow and the temperature. The Mackay approach was used in order to 
calculate the Henry’s law constants for each operational condition and compared 
with those obtained by static methods. The thermodynamics function of the 
process, aqueous free excess enthalpy of solution ( EiwH ) and enthalpy of air-water 
transfer (∆waHi ) for both compounds were calculated and compared with literature 
values. Finally the effect of the cosolvency of tert butyl alcohol (TBA) was 
analyzed.  
 
Keywords:  MTBE, ETBE, Aeration, Henry’s law constant, Thermodynamics and Cosolvency. 
 
1. Introduction 
Reliable thermodynamic data of pollutants are highly important from practical and theoretical 
points of view. Environmental chemistry and engineering need this information for transfer 
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modelling of organic pollutants in the environment, solve the remediation of contaminated 
soils and surface waters, minimize the presence of hazardous pollutants in aqueous effluents 
and develop new strategies for cheap and effective cleaning procedures and then adequate 
decisions and remediation policies. From a more fundamental point of view, thermodynamics 
are necessary for the understanding of the complex molecular interactions and mechanisms of 
solution. The test of existent models and the development of new methods for prediction of 
these thermodynamic functions, have a particular significance because they are the only way 
to ensure accurate results. 
Oxygenated compounds are added to gasoline in order to improve fuel combustion efficiency 
and to lower exhaust emissions of CO and hydrocarbons. Examples of these compounds are 
alcohols (as methanol, ethanol, isopropyl alcohol, isobutyl alcohol and tert-butyl alcohol 
(TBA)) and ethers (as methyl tert-butyl ether (MTBE), ethyl tert-butyl ether (ETBE), tert-amyl 
methyl ether (TAME) and diisopropyl ether (DIPE)) (1-3).  MTBE is the most important fuel 
oxygenate used worldwide, and from 1998 in USA and 2002 in European Union it was 
included in monitoring programs of VOC’s and it is considered an unique contaminant owed 
to its ability to move readily throughout various environmental compartments and to its 
resistance to degradation (4). Other ethers used as fuel oxygenate, whose use is increasing, 
such as ETBE is expected to have a similar behaviour. For all these reasons the contamination 
of water supplies by these kinds of organic chemicals is a problem of increasing concern. 
Their physico-chemical properties (high solubility and low Henry’s law constant and low 
octanol water partition coefficient (5)) make them difficult for their treatment with 
conventional water cleaning technologies, including air stripping, advanced oxidation 
processes (AOP) and carbon adsorption (6-9). The several process variables that are involved 
in these techniques strongly affect their efficiency. One of the typical parameter that can vary 
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more often is the temperature since usually these processes are carried out at environmental 
conditions. So the efficiency in summer or in winter can be different. For this reason is 
important to improve the knowledge of the temperature dependence of physico-chemical 
properties that can affect to the cleaning processes. Some temperature dependences of 
physico-chemical properties for these compounds are found in literature. Arp and Schmidt 
obtained Henry's Law Constant for these ethers by a static method (10). Gonzalez-Olmos et al 
(11,12) studied the temperature dependence of water solubility, density and speed of sound. 
Krahenbuhl and Gmehling reports vapor pressure for ethers (13). Vapor pressure is also 
published with vapor-liquid equilibria data for binary and/or ternary mixtures containing 
ethers as in the works of Toghiani et al (14), Arce et al. (15) and Loras et al (16). Marsh et al 
review the state of the art of the thermodynamics involving these kinds of compounds (17).  
However, few and poor systematic studies of the temperature dependencies and the 
thermodynamics of aeration of fuel oxygenates are found in the literature.  
In contrast, exists several isothermal works that analyze the effectiveness of aeration or 
stripping (always in a continuous process) to remove ethers (especially MTBE) from water. 
Sutherland et al. (7) examined the treatment of MTBE using air stripping, advanced oxidation 
techniques and GAC adsorption in a pilot plant. The work concluded that at high flow rates air 
stripping tend to be the most adequate treatment in terms of economy and efficiency. At lower 
rates, all the techniques were competitive and the process selection could be based on other 
factors. Similar results were obtained by Baus et al. (9). These works conclude saying that 
stripping is an effective technique but it could be expensive. The reasons are the need of high 
air flow consumption to achieve the recommended concentration levels and the need of a post 
treatment in order to capture the fuel oxygenate in the exhaust air, what increase the 
operational costs. Ramakrisan et al. (18) studied the performance of the combination of air 
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stripping with off gas treatment based on adsorption. High removal efficiency was achieved 
and mass transfer coefficients were obtained. On the other hand Wilhem et al. (8) apply air 
stripping to remove MTBE from a river. They analyzed the process from an economical point 
of view and conclude that to remove high concentrations of MTBE could be non cost-
effective. Thomson et al. (19) apply the technique in a field site with permeable barriers to 
remove MTBE from groundwater. Finally Bass et al. (20) studying the effect of using heated 
air in the stripping tower in order to improve the efficiency to remove MTBE and they found 
that the efficiency was increased considerably. Finally there is no work in the literature that 
studies the aeration/stripping of ETBE. 
This work is part of a wider study related to theoretical and experimental analysis of 
thermophysical properties of fuel oxygenates (11, 12, 21-24). Thus, as a continuation of our 
scientific work, there are reported the temperature dependence of Batch Air Stripping (BAS) 
of ethers spilled in water. BAS experiments of water solutions saturated with MTBE and 
ETBE were carried out at the aeration 100-400 ml·min-1 range and at 288.15-308.15 K 
temperature range. The corresponding Henry’s law constants were obtained through the 
dynamics developed by Mackay et al (25) and were compared with literature values obtained 
by static methods (10). BAS has the advantage that the condition of equilibrium is not needed 
as in the case of static methods so this error source is omitted. Different thermodynamical 
magnitudes were computed and compared with open literature. Finally the effect of the 
presence of tert-butyl alcohol, one of the most important degradation by-products of these 
ethers, in the values of Henry’s law was analyzed, being found a strong dependence in the 
case of MTBE.   
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Water was Millipore quality with organic total mass<5 ppb and resistivity 18.2 MΩ·cm. 
MTBE and TBA were of Merck quality with richness better than 99.5 mol%. ETBE was 
provided by REPSOL-YPF with purity higher than 96 mol%. The pure components were 
stored in sun light protected form and constant humidity and temperature. All products were 
degassed using ultrasound and dried on molecular sieves (pore diameter of 4 and 5 10-10 m 
from Fluka) before use. The purity was checked by chromatography and by comparison with 
literature of density and speed of sound as table 1 shows. 
 
Table 1. Molecular weight, Densities ρ and Speed of Sound u, of the chemicals at 298.15 K. 
 MW / (g mol-1) ρ / (g cm–3) u / (m s-1) 
Chemical  Exp. lit Exp. lit 
MTBE 88.150 0.734915 0.73529 [26] 1035.89 1035 [29] 
ETBE 102.176 0.735327 0.735 [27] 1033.33 1034.28 [21] 
TBAa  74.12 0.775212 0.77572[28] 1099.02 1104.8 [30] 
a at 303.15 K 
 
2.2 Batch Air Stripping experiment 
For each temperature a stock solution of water with fuel oxygenates was prepared in order to 
assure that the initial concentration for each experiment was the same. The stock solutions 
were obtained by equilibrating the hydrocarbon with water in a separate vessel. Figure 1 
shows a schematic diagram of the apparatus used. The general procedure was to strip the 
hydrocarbon dissolved in water with compressed air. For each temperature, the column was 
filled with the corresponding stock solution. Then compressed air was passed through a low-
pressure line regulator and an Agilent Flow Tracker 1000 (gas flowmeter). The air was 
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introduced to the thermostatic bath in order to keep its temperature as in the stripping cell. 
After that, the air was introduced into the bottom of the stripping vessel through a fritted glass 
disk. The system was maintained at constant temperature ± 0.6 K with a Polyscience bath 
model 9010. The air flow rate was set at 100 to 400 ± 20 mL·min-1 range. Flow rates were 
measured at 5 minutes intervals. The sampling frequency varied from once every 2 minutes to 
once every 30 minutes, depending on the rate of volatilization. At each sampling, the 
concentration of the hydrocarbon and time were recorded. In order to see the influence of the 
presence of TBA in the aqueous media for both compounds, experiments with different TBA 
concentration were carried out at 298.15 K and 400 mL·min-1 of aeration level for both 
compounds. All the experiments were carried out by triplicate in order to calculate errors. 
 
Figure 1. Thermometer and polluted water inlet, 1; 
outlet thermostatic bath, 2; inlet thermostatic bath, 3; 
fritted glass, 4; gas flowmeter, 5; air inlet, 6; 
thermostatic bath, 7; Sampling point, 8. 
 
 
2.3 Analytical Method 
The concentration of dissolved hydrocarbon in the water was measured by GC/FID. The GC 
used was a Hewlett-Packard 6890 operated with Chemstation software. The column was a 30 
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m capillary column (DB-624, J+W scientific, 0.53 mm and 3 micron film thickness). The 
detector was a flame ionization detector (FID). For all measurements, the column temperature 
was set to 381 K (isotherm) over 4 min. The FID temperature was 523 K and the injector 
temperature was 453 K. Helium was used as the carrier gas (40 kPa) for all analyses. The flow 
parameters of other gases were set as fuel gas (hydrogen) 30 mL·min-1, air 400 mL·min-1 and 
make-up (nitrogen) 30 mL·min-1. GC analysis of samples was carried out by taking 2 µL of 
the aqueous phase (Direct Aqueous Injection) using an Agilent D07-B1086 microsyringe and 




3.1 Henry’s law constant 
A mathematical description of the stripping process can be readily assembled (25) if it is 
assumed [1] that the system is isothermal, [2] the liquid phase is well mixed, [3] the vapor 
behaves ideally, [4] Henry's law is obeyed over the relevant concentration range, [5] the 
volume of liquid remains constant, [6] the partial pressure of the solute is small compared to 
the total pressure, and [7] the solute in the exit vapor is in equilibrium with the liquid. A 

























V iH                                                     (1) 
 
where KiH is the Henry’s constant law (L atm mol-1) C is the concentration of ether, G is the 
gas flow rate (mL·min-1), V is the volume of the liquid (mL), R is the universal gas constant, T 
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is the temperature (K), and t is time (min). This equation can be integrated from initial 





















                                                    (2) 
 








GK iH .  
 
An alternative way to express KiH is by using the dimensionless ∞γ iw value. This conversion is 









K ∞γ==      (3) 
 
where Ciw is the molar water solubility (mol·L-1), ∞γ iw , is the activity coefficient of the 
compound i in water at infinite dilution, wV is the molar volume of water (L·mol
-1) and *ip  is 
the vapor pressure at the corresponding temperature (atm).  
 
In order to see how important is the presence of TBA in the BAS process a ratio of Henry’s 







R =       (4) 
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where Kdim iH’ is the dimensionless Henry’s constant law at a determined molar fraction of 
TBA and Kdim iH is the dimensionless Henry’s constant law with no presence of TBA. To 
obtain the dimensionless Henry’s constant law is necessary to divide KiH by the universal gas 
constant and temperature. 
 
3.2 Thermodynamics of water-air transfer 
The temperature dependence of KiH can be related to the enthalpy of vaporization (∆vapHi ), 
the aqueous free excess enthalpy of solution ( EiwH ), and the enthalpy of water-air transfer 







=       (5) 
 
E
iwivapiwa HHH −∆=∆       (6) 
 
Using equation 5 and the values reported in Table 2, ∆waHi  and the constant B were 
determined for both ethers. As literature values for the ∆vapHi of these compounds were 
available (33), the EiwH could easily be calculated using eq. 6.  
 
4. Results and Discussion 
 
4.1 Analysis of aeration of ethers 
The removal of ethers by aeration can be observed in figure 2a for MTBE and in figure 2b for 
ETBE. The best performances are achieved in both cases with high temperatures and high 
aeration rates. In the case of MTBE can be observed that at 308.15 K with an aeration rate of 
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400 mL·min-1 the concentration of ether is reduce in a 99.4 % in 30 minutes. In the case of 
more usual water temperature as 288.15 with the same aeration rate a reduction of 99.6 % is 
achieved in 90 minutes. So the influence of the temperature is high. In the case of ETBE the 
volatilization rates are higher. In the optimum case (Q = 400 mL·min-1 and T=308.15 K) a 
99.6 of reduction is achieved in 20 minutes while with a temperature of 288.15 K and a air 
rate of 400 mL·min-1 a 99.4 % of reduction is obtained in 60 minutes.  
 
Figure 2. Removal of fuel oxygenates by BAS at 288.15 K (continuous line) and 308.15 k 
(dashed line) and at aeration rates of 100 mL·min-1 (○), 250 mL·min-1 (() and 400 
mL·min-1 (□). a) MTBE and b) ETBE. 
a) 
t (min)
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The results for ETBE are better mainly for two reasons: As it is showed below, it has higher 
Henry’s constant law and the mass transfer coefficients are higher. The ethyl group of ETBE 
gives a character less polar comparing with MTBE that has a methyl group that is shorter. 
Despite of MTBE is more volatile than ETBE when it is in aqueous media hydrogen bond are 
build up faster than ETBE due to its lower steric hindrance. So ETBE will be easier to clean 
by aeration in the case of a spill in water. 
 
The temperature increases the molecular dynamics and facilitates the transfer of ether 
molecules from the aqueous phase to the air phase. In addition, as Gonzalez-Olmos et al. (11) 
showed the hydrophilicity of both compounds decreases with temperature. The influence of 
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4.2 Henry’s constant law  
Henry’s constant law at different temperature were obtained (see table 2) by the dynamic 
approach developed by Mackay. The values obtained at different aeration rates were very 
similar what demonstrate the independence of the method from this variable. The highest 
values were for ETBE and for both compounds the values increase with temperature. The 
temperature dependence is usually expressed with eq 9. In figure 3 the linear plots of this 
equation are showed with the correlation coefficient and the experimental error. The values of 
∆waHi and the constant B for both compounds are gathered in table 2. The results were 
compared with values obtained by other authors that worked with static methods such 
Equilibrium Partitioning in Closed Systems (EPICS) or different headspace techniques. These 
methods assume equilibrium conditions that increase the experimental error 
 
Figure 3. Influence of temperature on Henry’s constant law for MTBE (○) and ETBE (□). 
























The values of this work are very similar to those obtained by Arp et al (10) by EPICS. There 
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Table 2. Comparison of the dimensionless Henry’s constant law and its temperature dependence constant 
with literature for MTBE and ETBE. 
MTBE 
T This work [10] [34] [35] [36] [37] 
288.15 0.0201 ± 0.0001 0.0210 0.0177 0.016  0.0405 
298.15 0.0324 ± 0.0003 0.0330 0.0292 0.031 0.022 0.0513 
308.15 0.0594 ± 0.0008 0.0600     
∆waHi / (kJ mol
-1) 39.9 41.9 35.42 55.25 61.08 23.39 
B 12.72 12.6 10.74 18.9 21.0 6.55 
        
ETBE 
T This work [10] [38]    
288.15 0.0217 ± 0.0007 0.0299     
298.15 0.0570 ± 0.0047 0.0670 0.0972    
308.15 0.1093 ± 0.0074 0.1179     
∆waHi / (kJ mol
-1) 59.7 52.4     
B 21.14 18.1     
 
4.3 Thermodynamics of BAS of ethers 
The resulting enthalpies were calculated with the experimental data and equations 5 and 6. 
The activity coefficients at infinite dilution ( ∞γ iw ) were calculated with eq. 3.  The values of 
these magnitudes are given and compared with literature in table 3. The values are similar to 
those obtained by Arp et al. (10) by EPICS method and by Gonzalez-Olmos et al (11) obtained 
by water solubility measurements. ∞γ iw  for MTBE is smaller than for the ETBE by at least a 
factor of 3, and it changes less with temperature, i.e. the EiwH  and ∆waHi is smaller. As 
reported (10), it appears that the smaller the molecular volume, the smaller ∞γ iw  and 
E
iwH .  
 




∆vapHi / (kJ mol
-1) ∆waHi / (kJ mol
-1) 
E
iwH  / (kJ mol
-1) 
MTBE  30 39.9 -9.9 
ETBE  33 59.7 -26.7 
∞γ iw  
T / (K)  288.15 298.15 308.15 
MTBE This work 123 136 170 
 [10] 128 137 175 
 [11] 93 121 156 
ETBE This work 276 387 600 
 [10] 377 548 648 
 [11] 291 411 566 
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4.4 Influence of the cosolvency of TBA in the value of Henry’s constant law 
In the last part of the work was analyzed the effect of the cosolvency of TBA, a typical 
degradation byproduct of MTBE and ETBE, in the value of the Henry’s constant law. The 
experiments consisted on working with different initial molar fractions of TBA in the polluted 
water to observe how the Henry’s constant of both ethers changed with the TBA presence. 
The TBA cosolvency experiments were carried out at constant temperature (298.15K) and air 
mass flow (400 mL·min-1). 
The results are gathered in figure 4 and table 4. They show that the presence of TBA have a 
high effect in the Henry’s law constant value for MTBE. With an initial TBA molar fraction 
in water of 0.006 the value of the constant is 38 % lower than if there is not TBA. In the case 
of ETBE the effect is lower. With a very high presence of TBA (molar fraction = 0.011) the 
reduction of the constant is only of a 9 %. Due to these quantities of TBA is very difficult to 
find in the environment we can conclude that the Henry’s constant law will remain constant 
for ETBE and that the changes could be produced by changes in temperature or the presence 
of another organic or inorganic chemical species.  
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Figure 4. Influence of TBA concentration on the fuel oxygenate removal by BAS at 
298.15 and 400 ml/min. a) MTBE with TBA molar concentrations of 0 (○) 0.0002 ((), 
0.001 (□), 0.003 (◊) and 0.006 (●). b) ETBE with TBA molar concentrations of 0 (○) 
0.003 ((), 0.005 (□), 0.011 (◊). Solid lines values adjusted with eq.2. 
a) 
t (min)
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Table 4. Dimensionless henry’s constant law (Kdim iH)  of fuel oxygenates at 
298.15 K as function of TBA molar fraction and ratio of Henry’s constants 
law (RH). 
MTBE ETBE 
xTBA Kdim iH RH xTBA Kdim iH RH 
0.0060 0.0201 0.62 0.0114 0.0478 0.91 
0.0030 0.0217 0.67 0.0047 0.0500 0.95 
0.0020 0.0243 0.75 0.0025 0.0517 0.98 
0.0010 0.0261 0.81 0.0000 0.0527 1.00 
0.0002 0.0292 0.90    





New experimental data of water-air mass transfer coefficients at temperature range of 288.15-
308.15 K and an aeration flow rate range of 150-400 mL·min-1 for ethers used as fuel 
oxygenates in gasoline blending were obtained through the dynamic method of Batch Air 
Stripping. This method has the advantage that the equilibrium state doesn’t need to be 
considered and this additional experimental error is avoided. From these data Henry’s law 
constant were computed and compared with those obtained by static methods obtaining a 
good agreement. Different thermodynamical parameter such us ∆waHi and EiwH  were 
computed from the experimental data and compared with literature. Furthermore, ∞γ iw were 
obtained at different temperatures for both compounds and compared also with literature. 
Finally, the influence of the presence of TBA into water was studied for MTBE and ETBE 
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The liquid-liquid equilibria data for the ternary mixture (Water + 2-Hydroxy Ethyl Ammonium Formate (2-
HEAF) + Methyl tert Butyl Ether (MTBE)) was investigated at different temperatures to determine the 
potential interest of a new protic ionic liquid as solvent for dehydration of MTBE. The computed 
coexistence curves were of type II in accordance to Treybal’s description at every temperature. The 
experimental tie lines data were correlated to test consistency with the Othmer-Tobias equation. The 
obtained results point out the interaction of ions into polar media and the strong modification of the socalled 
iceberg clusters of hydroxylated molecules at low concentration of ether. Steric hindrance reveals as the key 
factor for mixing process and ion package. As a result of these intense interactions, sharp separations of 
water and ether mixtures by extraction are possible with low concentration of ionic liquid. The obtained 
results confirm 2-HEAF as a potential agent for MTBE dehydration and purification. 
 
Keywords: Dehydration; Ionic liquid; temperature; liquid-liquid equilibria; MTBE  
 
1. Introduction 
In chemical industrial processes involving liquid mixtures, the optimization and adequate 
design of separation equipment are conditioned by a sufficient knowledge of mixing 
thermodynamics. In what is referred to the unit operation field, the optimization of separation 
operations by extraction or heterogeneous distillation, require knowledge of the two-liquids 
phase equilibria, which can be determined either experimentally or by prediction based on an 
appropriate model, and a set of data. One of our research activities was the study of alternative 
separation agents in modified rectification and extractive processes, as well as, models for 
physical properties prediction1-5.  
Ionic liquids (ILs) are a class of new solvents which are increasingly being applied for 
different uses due to an important number of promising properties. This kind of compounds  
can be divided into two main categories, aprotic ionic liquids and protic ionic liquids. The 
latter are produced through proton transfer from a Brønsted acid to a Brønsted base. In the last 
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few years, despite the scarce of studies and experimental work developed, there has been 
increasing interest in protic ionic liquids as well as in their many potential applications. A few 
articles of our research interest have been devoted to this field in the recent years6,7. 
Methyl tert butyl ether (MTBE) was authorized by USA for use as a gasoline additive in late 
1979. From this time, MTBE has been used worldwide for its compatibility with gasoline and 
functional benefit to the fuel’s chemical and physical characteristics. This compound not only 
can enhance the octane number but also reduce exhaust emissions of internal combustion 
motors. MTBE has high mobility in aquatic environment and drinking water system due to its 
solubility and lack of polarity, as well as resistance to decomposition for it is not significantly 
affected by microorganisms. Due to its high water solubility, low Henry’s law constant, and 
relative polar interaction in aqueous media, this compound is usually contaminated with water 
after processing and it is not readily amenable to remove MTBE by conventional techniques 
as synthetic resin sorbents, air stripping, catalized oxidation processes, or granular activated 
carbon. With this fact in mind, and as a continuation of a wider project on develop and study 
applications of new protic ionic liquids, this paper is focussed to study the applicability of a 
new protic ionic liquid as potential solvent for dehydration of MTBE by liquid extraction. To 
this end, we present new data of liquid-liquid equilibria (LLE) of the system water + MTBE + 
2-hydroxy ethylammonium formate (2-HEAF) at 278.15, 298.15 and 308.15 K. Attending to 
the obtained results, as a result of intense polar interactions, sharp separations of water and 
ether mixtures by extraction are possible at any temperature and small quantities of ionic 
solvent. Recovery of ionic liquid is possible by simple evaporation of water, no losses being 
produced due to its zero vapour pressure at laboratory conditions.  
 
2. Experimental 
2.1. Materials and equipment 
Water was Millipore quality with organic total mass<5 ppb and resistivity 18.2 MΩcm. The 
MTBE, formic acid and 2-amino ethanol used in this study were supplied by Merck with 
richness better than 99.5 mol%. During the course of the experiments, the purity of solvents 
was monitored by density measurements (Table 1) and by Gas Chromatography. The pure 
components were stored in vessels protected from the sun light and at constant temperature. 
Usual manipulation and purification in our experimental works was applied7.  
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Table 1. Molar Weight, and Comparison of Data with Literature for Pure Liquids at 298.15 K 
Component  Molar Weighta  
ρ (g·cm–3)  u (m·s-1) 
  g·mol–1 Exptl. Lit.b  Exptl. Lit.b 
Water  18.015 0.99704  0.99712c  1496.89 1496.687 
2-HEAF  107.110 1.17709 n a  1719.59 n a 
MTBE  88.150 0.734406 0.73529  1036.94 1035 
  a Poling et al., 2001 
  bTRC Thermodynamic Tables, 1994 
  cRiddick et al., 1987 
 
 
2.2. Preparation of the ionic liquid 
2-Amino ethanol was placed in a threenecked flask all-made-in-glass equipped with a reflux 
condenser, a PT-100 temperature sensor for controlling temperature and a dropping funnel. 
The flask was mounted in an ice bath. The formic acid was added dropwise to the flask under 
stirring with a magnetic bar. Stirring was continued for 24 h at laboratory temperature, in 
order to obtain a final viscous yellow liquid. No solid crystals or precipitation was noted when 
the liquid sample was purified or was stored at freeze temperature for a few months. The 




Due to the reaction of formic acid and ethanolamine is highly exothermic, an adequate   
cooling is essential throughout the chemical reaction, otherwise heat evolution may produce 
the dehydration of the salt to give the corresponding formamide as in the case for Nylon salts 
(salts of diamines with dicarboxy acids). As observed in our laboratory during ionic liquid 
synthesis, dehydration commences around 150 ºC. An intense yellow colour was showed 
when reaction process and purification was completed. The purification step6,7 consists on a 
strong agitation and slight heating for vaporization of residual non-reacted acid at least for 24 
h. During the purification is very important to keep that temperature does not overcome 150 
ºC because the dehydration of ionic liquid begins and amides are generated by decomposition. 
At each case, spectrometry and thermodynamic measurements are made in order to ensure 
purity of the product before experiments in our lab. 
 
 
UNIVERSITAT ROVIRA I VIRGILI 
THERMODYNAMICS AND REMEDIATION TECHNIQUES FOR FUEL OXYGENATES 
Rafael González Olmos 
ISBN:978-84-691-9865-0/DL:T-149-2009
Thermodynamics and Remediation for Fuel Oxygenates 
 
 222 
2.3. Spectroscopy test 
1H-NMR and FT-IR spectrums were performed in order to characterize the synthesis product 
and to confirm its structure. 1H-NMR spectrum (measured on a Varian 400 MHz 
spectrometer, using DMSO-d6 as solvent with TMS as internal standard) △: 8.4 ppm (s, 1H, 
H-COO-); 6.4-6.8 ppm (broad signal, 4H, -NH3+OH); 3.6 ppm (t, 2H, -CH2-N); 2.8 ppm (t, 
2H, -O-CH2-). FT-IR spectrum was taken by a Jasco FT/IR 680 plus model IR spectrometer, 
using a NaCl disk. The broad band in the 3500-2400 cm-1 range exhibits characteristic 
ammonium structure. The OH stretching vibration is embedded in this band. The broad band 
centered at 1600 cm-1 is a combined band of the carbonyl stretching and N-H plane bending 
vibrations. 
 
2.4. Apparatus and Procedure 
Samples were prepared by mass, covering the whole composition ranges of the mixtures under 
immiscibility. Each vial was weighted with a precision (±2 10-5 g) device (GRAM-VXI Serie 
Analytical Balance). All the solutions were kept tightly sealed to minimize absorption of 
atmospheric moisture. Measurements were performed immediately after preparation of 
solutions. The molar mass, open literature data and experimental results at standard condition 
are shown in Table 1. The densities and ultrasonic velocities of pure componentes and their 
mixtures were measured with an Anton Paar DSA-5000 vibrational tube densimeter and 
sound analyzer, with a resolution of 10-5 gcm-3 and 1 ms-1. Accuracy in the temperature of 
measurement was better than ±10-2 K by means of a temperature control device that applies 
the Peltier principle to maintain isothermal conditions during the measurements. The 
apparatus for the liquid-liquid equilibria (LLE) determination consists of a glass cell with a 
water jacket in order to maintain a constant temperature. Temperature was controlled within 
±5·10–2 K inside the cell. The cell was connected to a controller bath, with a stability of ±10–2 
K. The temperature of the cell was controlled by a water jacket and maintained with an 
accuracy of within 0.1 K. A magnetic stirrer provided sufficient agitation within the apparatus. 
The prepared mixtures were introduced into the extraction cell and were stirred for 1 h, and 
then left to settle for 24 h for phase separation. Samples of less than 1 ml were carefully taken 
from the upper layer with a syringe and from the lower layer through a sampling tap. Densities 
and ultrasonic velocities were measured at 298.15 K by using an Anton Paar DSA 5000.  
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3.1. Correlation of liquid-liquid equilibria data 
The equilibrium compositions are gathered in Table 2. 
 
Table 2. Experimental Liquid-Liquid Equilibrium Data for water + 2-HEAF + MTBE at the range 278.15 - 328.15 K 

























0.00000 0.01916 0.00000 0.95695 0.00000 0.02268 0.00000 0.95749 0.00000 0.02356 0.00000 0.95833 
0.01300 0.01500 0.17901 0.76060 0.02980 0.01047 0.12894 0.82100 0.03000 0.01000 0.10500 0.83196 
0.02992 0.00955 0.30706 0.65205 0.03156 0.00973 0.30655 0.65290 0.03860 0.00787 0.17950 0.75980 
0.05638 0.00098 0.46053 0.50890 0.05432 0.00201 0.40803 0.55900 0.07364 0.00000 0.43860 0.53150 
0.07027 0.00004 0.50847 0.46308 0.06100 0.00020 0.47863 0.49244 0.08120 0.00000 0.62861 0.34960 
0.08174 0.00055 0.63897 0.33868 0.07613 0.00020 0.63244 0.34545 0.08430 0.00000 0.73159 0.25084 
0.08172 0.00002 0.69501 0.28607 0.08421 0.00011 0.66490 0.31488 0.08842 0.00004 0.82272 0.16250 
0.08201 0.00000 0.98135 0.00000 0.08500 0.00010 0.82486 0.16105 0.09583 0.00000 0.99311 0.00000 
    0.08959 0.00000 0.98913 0.00000     
 
 The NRTL equation11 was used to correlate the experimental data for the mixture discussed 
here. The expression of the activity coefficients for multicomponent mixtures has the 


























































ij                                      (3) 
( )jijiji expG τα−=                                    (4) 
jiij α=α                                                       (5) 
where T is the temperature in K.  
 
A good accuracy has been achieved for all cases with temperature dependence parameters for 
the NRTL equation. The fitting parameters (Bij) and αij are enclosed in Table 3, together with 
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Table 3. Correlation Parameters of NRTL model Bij (K) and α and Root Mean Square Deviation (σ) for the 
Ternary System water + 2-HEAF + MTBE 
278.15 K 
α 12 13 21 23 31 32 
0.2 1040.6 1451.7 -300.15 445.03 247,95 936,54 







 0.033 0.006 0.029 0.018 
298.15 K 
α 12 21 13 31 23 32 
0.2 -130.16 1063.9 521.58 549.5 293,68 1031,2 







 0.009 0.008 0.005 0.010 
308.15 K 
α 12 21 13 31 23 32 
0.2 246.73 1399.4 251.99 421.59 262,76 1249,2 







 0.006 0.008 0.020 0.009 
 
As it can be seen from Table 3, the estimated tie-lines are relatively in good agreement with 
the experimental data for all cases. In other words, the NRTL model describes adequately the 
experimental data for this ternary system at each temperature. The optimum interaction 
parameters between pairs of chemicals were determined using the observed (liquid + liquid) 
data, which describe the interaction energy between molecules i and j or between each pair of 
compounds. In this work a least-squares technique all points weighting equally was used for 
estimating the parameters in each model from tie line data. An objective function was stated 
in terms of concentration difference between experimental mole fraction and calculated mole 
fraction of tie lines. This function had the following form:  
 










jk )i(x)i(xminF      (6) 
 
Table 3 shows the fitted values of the equations binary interaction parameters. The goodness 
of the fitting results between the observed and calculated mole fractions was calculated in 
terms of the root mean square deviation (σ). Attending to the values of these deviations it can 
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be observed that correlation accurate is slightly lower when the temperature rises. The 
compositions of the mixtures at equilibrium at 278.15, 298.15, 308.15 K are plotted in Figures 
1a-1c, correspondingly.  
 
Fig. 1 Experimental tie lines (–––) at the temperatures (a) 278.15 K, (b) 298.15 K and (c) 308.15 K for 
(Water + 2-HEAF + MTBE) 
a) 
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The ternary mixture shows a type II trend in accordance to Treybal´s classification. The 
influence of temperature is slight at the studied cases. The binary Water + MTBE shows an 
inverse tendence (diminution of solubility for increasing temperatures), as previously 
reported12. Almost constant compositions in both phases are obtained when 2-HEAF and 
MTBE are mixed at the studied temperatures. Only the binary mixture water + 2-HEAF is 
homogeneous as commented upon before6. As far as we know, no previous measured LLE 
data exist on this ternary mixture and the binary 2-HEAF + MTBE. The studied tie-lines 
showed in the aqueous/ionic rich phase little quantities although increasing tolerance of 
MTBE towards ionic liquid corner is observed. The organic phase contains little water and 
ionic liquid compositions attending to water/ionic liquid ratio. A greater solubility of water 
was observed into bulk MTBE. The slope of the organic binodal is concave due to a sinergy of 
both polar compounds in terms of solubility.  
 
3.2. Consistency of experimental tie line data 
The experimental tie line data were correlated at each temperature to test consistency by the 
method of Othmer-Tobias13 and the results were represented into the figure 2. In this figure 
nearly linear correlations for each temperature are showed, which point out the consistency of 
the experimental data. 
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The correlation coefficients (a and b) and correlation factors (R2) values were determined by 
the least-squares method by a Marquardt algorithm. A correlation factor close to one suggests 
a high degree of consistency of the related data. The equation proposed by Othmer and Tobias 





























      (7) 
 
where ω is mass fraction, the subscript means the compound into mixture (1 for water, 2 for 2-
HEAF and 3 for MTBE), the superscript means the equilibrium phase, and a and b are fitting 
coefficients as gathered in Table 4. 
 
Table 4. Fitting Parameters of Othmer-Tobias Equation and Deviations for the System n-Hexane + Methanol 
+ Water at the Range of Temperatures in Accordance with Eq. 8 
T (K) a b R
2  
278.15 -4.272 17.804 0.952 
298.15 -5.023 20.269 0.991 
308.15 -2.054 10.634 0.937 
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4. Results and discussion 
The basic physicochemical data of ionic liquids is important for both the design of new 
technological processes and an understanding of the interactions of such kind of compounds 
into different media. In the present paper, we have presented new experimental data related to 
dehydration applications of a new ionic liquid (2-Hydroxy Ethyl Ammonium Formate (2-
HEAF)) as extraction agent of methyl tert-butyl ether (MTBE) from aqueous media.  
Liquid-liquid equilibria is strongly dependent on composition and molecular structure 
functional groups into the chemicals evolved. In general, molecular interactions in liquid 
phase mainly depend on two main effects: a) variation of intermolecular forces when 
components come into contact and b) variation of molecular packing as a consequence of 
differences in the size and shape of the molecules or ions of the components. In the studied 
ternary system, complex interactions take place, intense interactions by H-bonds and polar 
attractions of ions and steric hindrance of aliphatic ends enclosed into cation and anion of 
ionic liquids. In fact, the geometrical and spatial factors are of key importance to understand 
the multicomponent phase equilibria enclosing ionic liquids. In this mixture, the perturbation 
of spatial arrangement of like iceberg structure of water into ionic liquid media is strongly 
modified by MTBE molecules.  
In terms of spatial accommodation, water is in opposition to the 2-HEAF trend, which shows 
relative hindrance/disperse interactions among aliphatic ends and polar interaction ether–ions. 
2-HEAF and water shows total miscibility as previously observed6. Probably, the reduced 
molecular volume of the aliphatic ends into ions let the observed total miscibility. Both 
compounds are polar enough for complete solvation of ions into iceberg structure of water. 
Chlatrate structures at low compositions of 2-HEAF was observed by the authors into this 
binary mixture6. As expected, bulk compositions of the ternary mixture deal towards 
heterogeneous mixtures. Only low compositions of ether or polar compounds produce stable 
situations and then, homogeneous trend.  
This mixture, not surprisingly, is slight sensible to the temperature, an amazing trend being 
observed.  
1) When temperature rises, lower tolerance of MTBE into water or 2-HEAF media is 
observed into the polar layer.   
2) When temperature rises, higher tolerance of 2-HEAF into MTBE environment is 
observed  into the organic layer.   
3) The same observation is obtained for mixtures into the ternary composition space. 
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The liquid-liquid split observed at any temperature agree with this interpretation; an increment 
in temperature produces slight but progressive displacement of both binodal curves towards 
lower compositions of MTBE. While the ether molecules destroy the tridimensional structure 
of the solvated ions into water, little quantities of 2-HEAF and water are better dispersed into 
MTBE when temperature rises. This phenomena should be explained under the light of two 
main factors, firstly polar layer is strongly perturbed by steric hindrance of aliphatic ends of 
MTBE molecules; due to that, the oxygen atom potential to establish polar interactions, is 
reduced. Second, the scarce of ions and water molecules into the organic phase let to stablish 
an homogeneous phase on bulk MTBE media despite low polar potency of ether group.  
The experimental data were correlated to test consistency with Othmer-Tobias10 equation, 
being obtained almost a linear tendency at each temperature. Correlation of experimental data 
with the NRTL equation8 shows accuracy and adequated description of the ternary LLE 
behaviour. From our experimental results, we observe that this ternary mixture presents a very 
small mutual tolerance (polar versus non-polar components) at every temperature. The 
obtained results point out the interaction of ions into polar media and the strong modification 
of the socalled iceberg clusters of hydroxylated molecules at low concentration of ether. Steric 
hindrance reveals as the key factor for mixing process and ion package. As a result of these 
intense interactions, sharp separations of water and ether mixtures by extraction are possible 
with low concentration of ionic liquid. The obtained results confirm 2-HEAF as an adequate 
and potential procedure for MTBE dehydration and purification. 
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Fe-zeolites as Catalysts for Chemical Oxidation of MTBE in 
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The heterogeneous catalytic wet oxidation of methyl tert-butyl ether (MTBE) with hydrogen 
peroxide, catalyzed by the iron-containing zeolites Fe-ZSM5 and Fe-Beta, was studied at ambient 
conditions and pH 7. The kinetics of MTBE degradation could be well-fitted to a pseudo-first-
order model. Using Fe-ZSM5, the dependence of the reaction rate constant on hydrogen peroxide 
and catalyst concentration was determined. Furthermore, the formation and oxidation of tert-butyl 
alcohol and tert-butyl formate as intermediates of MTBE oxidation were studied. A comparison of 
the reaction rates of MTBE, trichloroethylene and diethyl ether in the Fe-ZSM5/H2O2 system 
revealed that adsorption plays a positive role for the degradation reaction.  
Comparing the two types of Fe-containing zeolites applied in this study, Fe-Beta showed a lower 
catalytic activity for H2O2 decomposition and also MTBE degradation. However, in terms of 
utilization of H2O2 for MTBE degradation Fe-Beta is advantageous over Fe-ZSM5. This could be 
explained by the stronger adsorptive enrichment of MTBE on the Fe-Beta zeolite. This study 
shows that Fe-containing zeolites are promising catalysts for oxidative degradation of MTBE by 
H2O2. 
 
Keywords:  MTBE, Zeolites, Fenton, Advanced Oxidation Processes, Adsorption, Kinetics. 
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Oxygenated compounds are added to gasoline in order to improve fuel combustion efficiency 
and to lower exhaust emissions of CO and hydrocarbons. Examples of these compounds are 
alcohols (as methanol, ethanol, isopropyl alcohol, isobutyl alcohol and tert-butyl alcohol) and 
ethers (as methyl tert-butyl ether (MTBE), ethyl tert-butyl ether (ETBE), tert-amyl methyl 
ether (TAME) and diisopropyl ether (DIPE)) [1, 2].  MTBE is the most important fuel 
oxygenate used worldwide, and since 1998 in USA and 2002 in the European Union it has 
been included in monitoring programs of volatile organic compounds (VOC).  It is considered 
as a unique contaminant owing to its ability to move readily throughout various environmental 
compartments and to its resistance to degradation [3]. Due to its physical and chemical 
properties, MTBE remains in groundwater for a long time. For this reason, the contamination 
of water supplies by MTBE is a problem of increasing concern.  
The physico-chemical properties of the fuel oxygenates (high water solubility, low Henry’s 
law constant and low octanol-water partition coefficient [4]) make their treatment with 
conventional water cleaning technologies difficult, including air stripping and adsorption on 
granular activated carbon (GAC) [5-7]. Sutherland et al. [5] examined the treatment of MTBE 
using air stripping, ultraviolet (UV)/H2O2 and O3/H2O2 advanced oxidation and GAC 
adsorption in a pilot plant. The authors concluded that at high water flow rates, air stripping 
tended to be the most adequate treatment in terms of economy and efficiency. At lower rates, 
all the techniques were competitive and the process selection could be based on factors other 
than cost. Similar results were obtained by Baus et al. [7] who found that MTBE removal by 
means of aeration requires high air-to-water ratios and therefore high operating costs. Baus et 
al. [7] also studied advanced oxidation processes (AOPs) and adsorption alternatives. The 
O3/H2O2 doses necessary for sufficient elimination of MTBE were found to be higher than 
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those typically applied in the waterworks. Finally, they found that MTBE is only poorly 
adsorbed on GAC [7]. 
Nowadays, AOPs are becoming more and more important technologies for wastewater 
treatment, especially for hardly biodegradable contaminants [8-13]. The processes are based 
on generating reactive radicals, mainly hydroxyl radicals, which oxidize the target organic 
pollutant. These radicals are the second most powerful oxidants next to fluorine [14]. The 
substances most often used to generate hydroxyl radicals are ozone and hydrogen peroxide. 
The high energy consumption for generating ozone by silent electrical discharges makes its 
use expensive. Additionally, its limited water solubility and its short lifetime make its 
application inconvenient. Hydrogen peroxide is a safer reactant than ozone. In order to 
produce hydroxyl radicals from H2O2, photochemical or catalytic activation is necessary. 
Photoactivation requires UV radiation whereas catalytic activation is achieved e.g. by the 
Fenton mechanism summarized below. 
•−++ ++→+ HOOHFeOHFe 322
2         eq.1 
•+++ ++→+ HOOHFeOHFe 222
3         eq.2 
The classical Fenton reagent consists of a homogeneous solution of iron ions and hydrogen 
peroxide. It is a well-known and efficient oxidant for organic compounds dissolved in water 
[9, 12, 15-18]. The main drawbacks are that the use of metal salts as catalyst requires their 
subsequent removal from the treated water, mostly as iron oxide sludge, and the necessity of 
working at low pH (about pH 3) to achieve acceptable conversion rates. In recent years, 
increasing attention has been paid to research on heterogeneous Fenton-like systems as 
alternatives in order to overcome these problems. Either solid iron oxides [19] or iron species 
immobilized on solid supports such as zeolites [14, 20-22], mesoporous solids [23] or Nafion 
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membranes [24] have been applied. Zeolites offer various properties which can give them 
advantages over other supports: i) as inorganic materials they are resistant to oxidation, II) 
iron can be easily introduced due to their ion-exchange capacity, and III) they possess unique 
sorption properties with respect to smaller organic molecules. Adsorption affinity and capacity 
with respect to a certain compound depend on the hydrophobicity of adsorbate and zeolite and 
the congruence of molecule and pore sizes. These sorption properties can be utilized in the 
case of Fe-zeolite catalysts for favored enrichment of the target organic contaminants in the 
vicinity of the catalytic centers. Non-target consumers of the reactive species can be 
discriminated due to their hydrophilicity (in the case of inorganic ions) or size (in the case of 
dissolved natural organic matter). Therefore, sorptive enrichment of the contaminant in the 
zeolite might lead to a higher rate and a more efficient utilization of the formed hydroxyl 
radicals in contaminant degradation. 
Most of the studies conducted on wet peroxide oxidation using Fe-zeolite catalysts have been 
focused on phenolic compounds  [20, 21, 25-27]. However, MTBE is known to be adsorbed 
with high affinity by various zeolites [28-30] and it has been shown to be degradable by AOPs 
such as treatment by Fentons reagent [31, 32] or (UV)/H2O2 and O3/H2O2 [5, 7]. Thus, as a 
continuation of a wider study related to theoretical and experimental analysis of water 
treatment techniques of fuel oxygenates, we here report about the catalytic activity of Fe-
containing zeolites in the wet peroxide oxidation of MTBE at ambient conditions and pH = 7. 
Isotherms and kinetics of the adsorption of MTBE into these materials were also studied. The 
kinetics of the MTBE degradation was fitted to a pseudo-first-order model and the influence 
of the hydrogen peroxide and catalyst concentrations was analyzed. The formation and 
oxidation of tert-butyl alcohol (TBA) and tert-butyl formate (TBF), the most problematic 
degradation intermediates of MTBE, were studied. Several experiments with other organic 
UNIVERSITAT ROVIRA I VIRGILI 
THERMODYNAMICS AND REMEDIATION TECHNIQUES FOR FUEL OXYGENATES 
Rafael González Olmos 
ISBN:978-84-691-9865-0/DL:T-149-2009
Thermodynamics and Remediation for Fuel Oxygenates 
 
 236 
compounds were carried out in order to study the influence of adsorption in the oxidation 
process. Finally, the catalyst was used after washing procedures to study the relevance of 
leaching in the process. 
2. Experimental. 
2.1. Materials and Methods 
All the chemicals and organic solvents were obtained with a purity of higher than 99% from 
Merck (Germany). The humic acid was purchased from Carl Roth GmbH, Karlsruhe, 
Germany and was used without further purification. The applied zeolites Fe-ZSM5 and Fe-
Beta were provided by Süd-Chemie Zeolites (Bitterfeld, Germany). 
Preliminary experiments showed that the original Fe-Beta catalyst contains a relatively large 
fraction of labile iron which would be leached during application in water. Therefore, this 
catalyst was washed prior to its use in reaction experiments in order to obtain a stable product: 
three sequential washing steps were conducted whereby 2 g of catalyst was suspended in 40 
mL of 0.1 M KNO3 solution adjusted to pH 3 with HNO3 and shaken for at least 2 h. The 
catalyst was then washed twice with deionized water and dried at 50°C. According to the 
results of X-ray fluorescence analysis the iron content of the Fe-Beta catalyst treated in this 
way was 0.97 wt% compared to 1.29 wt% before washing. The Fe-ZSM5 had a slightly higher 
Fe content of 2.2 wt%. This catalyst had already showed a good stability of the iron content 
and catalytic activity during washing with tap water (see section 3.5.). Therefore, it was used 
without a preliminary washing step. The main properties of the chemicals used in the study 
and the zeolites are summarized in Table 1. 
H2O2 content was determined by photometric measurements using a solution of titanyl sulfate 
and a UV mini 1240 Shimadzu spectrophotometer [33]. The concentrations of the organic 
compounds in the reaction solutions were determined by GC-MS analysis (GC HP 5890 and 
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MS HP 5972 mass spectrometer detector, Agilent, Germany) operating in the selected ion 
monitoring mode and with a JW DB-624 capillary column (film thickness: 1.8 µm). For 
MTBE, trichloroethylene (TCE), diethyl ether, TBA and TBF a headspace analysis method 
using gas-tight microliter syringes (100 µl) was applied. GC analyses of the headspace 
samples were carried out isothermally at 373 K when only MTBE degradation was monitored 
or at 333 K when MTBE together with its products TBA and TBF were analyzed. 
 
Table 1. Characteristic properties of the applied organic compounds and zeolites: octanol-water partition coefficient 
(KOW), water solubility (Sw), rate constant for the reaction with hydroxyl radical (kn), kinetic diameter, pore sizes, iron 
content and SiO2/Al2O3 molar ratio determined by XRF, and Freundlich constants for the adsorption isotherms of MTBE 






(g L-1) a 
kn 
(108 L mol-1s-1) c 
Kinetic diameter 
(Å)d 
Methyl tert-butyl ether 0.94 44.3b 16 6.2 
Trichloroethylene 2.42 1.47 29-43 5.6 
Diethyl ether 0.89 60.4 29-42 5.2e 








Fe-ZSM5 2.2 5.6 26 18.2 1.26 
Fe-Beta 1.3 7.5 42 8414 0.57 
a  [43] 
b [44] 
c  [45] 
d [46] 
e  [36] 
 
The monitoring of the reaction was carried out via solvent extraction of aliquots of the 
reaction suspension in those cases where significant adsorption of the organic compounds to 
the zeolites was observed (see below). In the analysis of the extracts a temperature ramp (5 K 
min-1, from 338 K to 353 K (latter held for 2 min)) was used. The relative standard deviation 
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of the headspace analysis method was in the range of σ = 7% and that for GC-MS analysis of 
the solvent extracts was in the range of σ = 6%.  
For determination of the total organic carbon (TOC) content, a carbon detector was applied 
which consisted of a two-zone combustion unit (700°C combustion zone, 800°C catalytic 
post-oxidation zone with 0.5 wt% Pt/Al2O3 as catalyst), membrane dryer (PermaPure, USA) 
for drying of the combustion gas and NDIR detector (type 34364, Saxon Junkalor, Germany) 
for CO2 detection. Potassium hydrogen phthalate was used for calibration. In order to remove 
inorganic carbon prior to analysis, samples were acidified (pH ≤ 5) and purged with N2 for 5 
min.  
 
2.2. Sorption kinetics and isotherms  
In order to determine the kinetics of the sorption process, 200 mL of a suspension of the 
zeolite in neutral deionized water with a concentration of 5 or 15 g L-1 for Fe-Beta and Fe-
ZSM5, respectively, was filled into a 250 mL-flask with Mininert® valve and shaken 
overnight on a horizontal shaker.The sorption experiment was then started by adding an 
aqueous stock solution of MTBE resulting in a total concentration of CMTBE = 100 mg L-1. The 
flasks were placed on a horizontal shaker. At several points in time the concentration of the 
freely dissolved fraction of MTBE was determined by headspace analysis. 
Furthermore, the desorption kinetics of the process was studied. Samples of the adsorption 
experiment described above were allowed to equilibrate over a time period of 4 days, after 
which the samples were centrifuged and the clear water phase decanted. The zeolite was 
transferred into a 250 mL-flask with a Mininert® valve; the desorption process was then 
started by addition of 200 mL of neutral deionized water and the flasks were shaken on a 
horizontal shaker. After various time periods, the concentration of the freely dissolved fraction 
of MTBE was determined by headspace analysis. 
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The determination of equilibrium sorption isotherms was carried out at room temperature (25 
± 2 °C). They were obtained by preparing several suspension samples with different concen-
trations of zeolite and different total concentrations of MTBE in 250 mL-flasks with 
Mininert® valves. After 24 hours of shaking on a horizontal shaker, the concentration of the 
freely dissolved fraction was determined by headspace analysis. 
 
2.3. Heterogeneous Fenton Reaction. 
A stock solution of 1 g L-1 of MTBE in deionized water was used to prepare samples with a 
concentration of 100 mg L-1. The samples were filled into 120 mL-flasks with a Mininert® 
valve for headspace sampling and two additional valves which could be used to depressurize 
the reactor and to add reagent solutions. The catalyst was then added to the reactor.  The pH 
was adjusted to 7 and readjusted during the reaction if necessary by adding dilute NaOH. 
Adsorption was allowed to come to equilibrium for at least 24 h, while the samples were 
shaken on a horizontal shaker. Afterwards, the concentration of the freely dissolved fraction of 
the organic compounds was determined by headspace analysis. The reaction was started by 
adding a defined amount of H2O2 solution (30 wt%). The concentration of H2O2 was 
monitored by photometry as explained above. In order to keep the concentration of H2O2 
approximately constant (± 20% of the starting value), further H2O2 was either periodically 
added into the reactor manually or fed continuously using a syringe pump (Lambda vit-fit). 
The latter option was chosen in the experiments with a high concentration of Fe-ZSM5 (≥ 25 
g L-1) where the decomposition of H2O2 was fast (half-life ≤ 10 min). The flasks were 
vigorously shaken on a horizontal shaker. 
In cases of low sorption of the organic compounds to the zeolites (sorbed fraction ≤ 15%) the 
residual concentrations of the organic compounds were determined by headspace analysis in 
the course of the reaction. Otherwise, headspace analysis was only applied to determine the 
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concentration of the freely dissolved fraction whereas the total remaining concentration of the 
organic compounds was obtained by liquid-liquid extraction. In this case, 0.5 mL-aliquots 
were retained, spiked with 0.22 mmol of sodium thiosulfate in order to stop the reaction 
(complete consumption of H2O2) and extracted with 0.5 mL of n-hexane or dichloromethane, 
containing toluene as an internal standard, by shaking for at least 2 h. While in the case of 
ZSM5-containing suspensions sufficient recoveries (≥ 90%) of all analytes were achieved 
with both solvents, dichloromethane was more efficient for extraction of MTBE from 
suspensions of Beta zeolite (recovery ≥ 90%). The extracts were analyzed by GC-MS as 
described above. 
In order to carry out the competition reaction experiments with diethyl ether and TCE, stock 
solutions with 1 g L-1 of the two compounds were prepared. For the experiment with humic 
acid, a stock solution of 1 g L-1 was prepared. In order to dissolve the humic acid, a solution of 
NaOH was used (50 mL of 0.02 M NaOH for 100 mg humic acid). Finally, the pH of the 
humic acid solution was adjusted with dilute HCl to pH 7. 
 
3. Results and discussion 
3.1. Decomposition of H2O2 by the Fe-zeolites 
As Figure 1 shows, the decomposition of H2O2 on Fe-ZSM5 and Fe-Beta follows a pseudo-




l=       eq. 3 
from the pseudo-first-order rate constant (kl) of the reaction and the catalyst concentration 
(Ccat) is 3.7 · 10-3 L g-1 min-1 for H2O2 decomposition on Fe-ZSM5. For Fe-Beta it is lower by 
about two orders of magnitude (3.0 · 10-5 L g-1 min-1).  
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Figure 1. Decomposition of H2O2 (C0,H2O2 = 7.5 g L
-1) in catalyst suspension of Fe-ZSM5 (Ccat = 5 g L
-1) (□) and 
Fe-Beta (Ccat = 50 g L
-1 ) (○). 
t (min)

















The prevailing assumption in the literature is that H2O2 is decomposed at the iron sites on the 
zeolite by a Fenton type mechanism whereby hydroxyl radicals are formed [21, 25, 26, 34]. 
These radicals are available to oxidize organic compounds dissolved in water or adsorbed 
on/within the zeolite. 
 
3.1. Isotherms and kinetics of MTBE adsorption by the Fe-zeolites. 
The adsorption isotherm of MTBE on Fe-ZSM5 corresponds to a type V in the BDDT [35] 
system, whereas for MTBE on Fe-Beta a type I isotherm is observed. A type V isotherm 
indicates that once a molecule has become adsorbed at a primary adsorption site, the 
adsorbate-adsorbate interactions significantly increase the driving force of the further 
adsorption process [35]. Nevertheless, within the concentration range studied, the isotherms of 




eqe KCq =       eq.4 
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where qe is the equilibrium concentration of the adsorbate in the solid phase (mg kg-1) and is 







=      eq.5 
 
Ceq is the equilibrium aqueous phase concentration (mg L-1) and C0 is the initial aqueous 
phase concentration (mg L-1) of the adsorbate, V is the volume (L) of adsorbate solution, m is 
the mass of zeolite (kg) and K and 1/n are the Freundlich constants. The linearized form of the 




Klogqlog +=     eq.6 
 
Figure 2 shows the isotherms for MTBE sorption in both zeolites at ambient conditions. The 
respective Freundlich parameters are given in Table 1. Isotherms for MTBE showed that the 
sorption affinity was higher for Fe-Beta than for Fe-ZSM5. According to the higher 
SiO2/Al2O3 ratio (Table 1) the Fe-Beta zeolite can be considered as slightly more hydrophobic 
than the Fe-ZSM5. However, the two zeolites also differ markedly in their pore size: while 
ZSM5 has a 10-ring channel structure (minor and major axis dimensions of 5.1 x 5.5 Ǻ and 
5.4 x 5.6 Ǻ for the sinusoidal and straight channels, respectively), the 12-ring channel system 
of Beta zeolite has larger pore dimensions (6.5 x 5.6 Ǻ and 7.5 x 5.7 Ǻ) [36]. Based on its 
kinetic diameter (6.2 Ǻ) the MTBE molecule should be able to enter the pores of the Beta 
zeolite, while the compatibility with the pore opening is not self-evident in case of the ZSM5 
zeolite. However, a considerable amount of up to 1 mmol g-1 MTBE was adsorbed by Fe-
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ZSM5 in our experiments (Figure 2), which corresponds to a loading of about 0.2 mmol m-2 
of external zeolite surface1. This amount is by one order of magnitude higher than the value 
expected for a monolayer. This clearly shows that the adsorption of MTBE on Fe-ZSM5 
occurs within the zeolite cavities. Based on a similar evaluation of the adsorption capacity 
Centi et al. [37] came to the same conclusion for adsorption of MTBE to a ZSM5 zeolite. 
Furthermore, Centi et al. observed a higher degree of MTBE adsorption on a Beta zeolite than 
on a ZSM5 zeolite exhibiting the same SiO2/Al2O3 ratio (and therefore similar 
hydrophobicity). From this result one can conclude that the larger pore dimension of Beta 
zeolite is more favorable for the hosting of the MTBE molecule.  
By means of Monte Carlo and molecular dynamics simulations of the adsorption of MTBE 
into various zeolites, Yazaydin and Thompson [38] predicted a higher adsorption capacity for 
all-silica Beta zeolite compared to silicalite, despite the fact that both zeolites have similar 
total pore volumes. Silicalite is very similar to ZSM5 since both have the same MFI type 
framework with the only difference that silicalite is purely siliceous. Based on the results of 
the simulations, the authors concluded that MTBE molecules are only adsorbed in the 
intersections of the straight and zigzag pores of MFI type zeolites, while in Beta zeolite all 
pores are large enough to accommodate MTBE molecules [38].  
In order to make possible a comparison of the timescale of reaction with that of sorption and 
desorption of MTBE on both zeolites, a simple sorption-desorption experiment was performed 
(Fig 3). The sorption process of MTBE on both zeolites closely approached equilibrium 
within 30 min. No significant changes were observed between measurements after 1 and 24 
hours.  
 
                                                           
1 In order to estimate the external surface of the zeolite particles their diameter was assumed to be 1 µm. This is 
the lower limit of the particle size range specified by the supplier (1 - 10 µm) and confirmed by microscopy. 
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The sorbed fractions of MTBE with Fe-ZSM5 (15 g L-1) and Fe-Beta (5 g L-1) were about 30 
and 90%, respectively. The desorption step of the experiment was started by removing the 
aqueous phase with the remaining freely dissolved fraction of MTBE and adding fresh water. 
Re-equilibration was almost complete within 30 min in the case of Fe-ZSM5 and within 2 h 
for Fe-Beta. However, also in the latter case about 80% of the equilibrium level is achieved 
within the first 30 min after adding fresh water. 
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Figure 3. Course of the concentration of MTBE in the aqueous phase (CFree) in the adsorption (○) and desorption 
(∆) experiments with MTBE on Fe-ZSM5 (filled symbols) and Fe-Beta (open symbols). 
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These experiments provide clear evidence that the sorption-desorption processes are fast 
compared to the timescale of the chemical reaction, as will be shown later in the text. Thus, 
sorption-desorption processes can be considered to be close to equilibrium during the course 
of the reaction. 
 
3.2. Heterogeneous catalytic wet oxidation with Fe-ZSM5/H2O2 
The kinetics of degradation of the organic compounds in the Fe-ZSM5/H2O2 system can be 
reasonably well fitted to a pseudo-first-order model which can be formulated as 
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tkClnCln 10 −=−      eq.7 
 
where C is the concentration of the compound at any time (t), C0 is the initial concentration 
and k1 is the pseudo-first-order rate constant. When the catalyst was removed from the 
reaction solution by means of centrifugation, no significant degradation of MTBE in the 
supernatant was observed. That means the reaction indeed takes place at the catalyst. 
Furthermore, no degradation of MTBE by the catalyst is observed in the absence of H2O2. 
The effects of the H2O2 and catalyst concentrations on the degradation of MTBE in the 
presence of Fe-ZSM5 were analyzed, showing that an increase in these parameters increases 
the pseudo-first-order reaction rate constant (Figure 4, Table 2).  
 
Table 2. Rate constants (confidence interval, P=0.95) and correlation coefficients for the 









5 1.0  3.3± 0.2 0.974 
15 1.0 9.3 ± 0.3 0.987 
25 1.0 14.5 ± 0.4 0.993 
25 1.9 40 ± 2 0.986 
25 6.3 105 ± 4 0.982 
 
The conversion of MTBE in the experiments with a catalyst concentration of 25 g L-1 and a 
concentration of hydrogen peroxide of 1 g L-1 was 96% after 4 h, achieving a conversion 
higher than 99% when the concentration of hydrogen peroxide was increased up to 
approximately 7 g L-1. The evolution of the kinetic rate constant with the hydrogen peroxide 
concentration has a nearly linear trend in the concentration range studied. Since with 
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increasing concentration H2O2 itself can become a relevant consumer of hydroxyl radicals, the 
observed trend can not be arbitrarily extrapolated; rather, the existence of an optimum H2O2 
concentration is to be expected. 
 
Figure 4. Reaction of MTBE in an aqueous suspension of Fe-ZSM5. a) Influence of the hydrogen peroxide 
concentration (C0,MTBE =  100 mg L
-1, Ccat = 25 g L
-1, CH2O2 = 1.0 (∆); 1.9 (○); 6.3 (□) g L
-1). b) Influence of the 
catalyst concentration (C0,MTBE = 100 mg L
-1, CH2O2 = 1.0 g L
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The influence of the catalyst concentration on the rate of MTBE degradation was also 
analyzed, keeping the concentration of hydrogen peroxide at 1 g L-1. With a low load of 
catalyst (5 g L-1) the MTBE conversion achieved within 5 hours was 50%. However, with 25 
g L-1 of catalyst conversion achieved was 96% in less than 3 hours. The correlation between 
the pseudo-first-order rate constant of MTBE degradation and the catalyst concentration also 
has a nearly linear trend in the concentration range studied. The catalytic activity with respect 
to MTBE degradation was 5.8·10-4 L g-1min-1. 
 
3.3. Tert-butyl alcohol and tert-butyl formate as intermediates of MTBE oxidation with Fe-
ZSM5/H2O2 
The pathways of MTBE degradation by OH radicals have been intensively studied over the 
last decade (e.g. Stefan 2000 et al. [39], Agüera et al. [40], Burbano et al. [31]). TBA, TBF, 
methyl acetate and acetone have been identified as main intermediates in the Fenton and 
photo-Fenton oxidation of MTBE (Agüera et al. [40], Burbano et al. [31]). Intermediates 
found in smaller amounts include alcohols <C4, carboxylic acids and formaldehyde (Burbano 
et al. [31]). A detailed analysis of intermediates formed in the heterogeneous process with Fe-
zeolites would have been outside the scope of this work. However, as a first step, 
intermediates having a tert-butyl group in their structure, i.e. TBA and TBF were monitored, 
due to the concerns related to their potential toxicity. Figure 5 shows the results of an 
experiment whereby 100 mg L-1 of MTBE were degraded in the presence of 5 g L-1 Fe-ZSM5 
and 7.5 g L-1 H2O2. TOC analysis after a reaction time of 4 h revealed that 64% of the initial 
TOC had been removed. At the same time the concentration of MTBE had been reduced by 
95%. TBA and TBF showed the typical concentration profile of an intermediate for which 
formation and further degradation occur simultaneously. TBA (data not shown) was found 
only in trace amounts close to the detection limit of the headspace method (≤ 2 mg L-1). TBF 
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reached a maximum concentration equal to about 18% of the initial molar concentration of 
MTBE. However, its degradation proceeds in the same timescale as the degradation of MTBE 
(Figure 5). These results indicate that even though TBA and TBF can be formed in the 
heterogeneous oxidation of MTBE they will not persist but can be further degraded.  
 
Figure 5. Evolution of the MTBE (∆) and tert-butyl formate (□) concentration during the reaction in an aqueous 
suspension of Fe-ZSM5 (Ccat = 25 g L
-1
, C0,MTBE = 100 mg L
-1, CH2O2 = 7.5 g L
-1). 
t (min)
















3.4. Competition experiments with Fe-ZSM5 as catalyst 
Competition experiments were carried out with the intention of comparing the reactivity of 
various compounds having different properties with respect to molecular size and chemical 
reactivity. In each case, two compounds (initial concentration 100 mg L-1 of each) were 
applied simultaneously in the same reaction system in order to assure identical reaction 
conditions. Differences in the reaction rates of the various compounds can be due to different 
intrinsic reactivities towards the reactive species. On the other hand, they can also be caused 
by qualitative or quantitative differences in the adsorption to the zeolites which result in 
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different local contaminant concentrations in the vicinity of the sites where the reactive 
species are formed. 
The compounds involved in this study were I) TCE, as a model compound with a C-C double 
bond, II) diethyl ether, because of its chemical similarity to MTBE but smaller size, and III) a 
humic acid, because humic acids are ubiquitous natural compounds present in groundwaters.  
The experiment with diethyl ether was carried out in order to see how the size of the molecule 
can affect the degradation rate of the aliphatic ethers at the Fe-ZSM5 catalyst. At a catalyst 
concentration of 5 g L-1 the adsorbed fraction of diethyl ether is 87% while for MTBE it is 
only 15% (Table 3).  
 
Table 3. Parameters of the competition reactions between MTBE, TCE and DEE. 
Adsorbed fraction (Fad), pseudo-first rate constant (k1) and ratio of the rate constants 














MTBE TCE 11 65 0.0080 0.40 50 
MTBE DEE 15 87 0.011 0.073 6.6 
DEE TCE 65 63 0.016 0.34 21 
 
Since the two ethers are very similar in their hydrophobicities, the more favorable adsorption 
of diethyl ether is probably due to a better fit between molecule and zeolite pore size (Table 
1). The rate constant for hydroxyl radical attack in aqueous solution is 1.8 – 2.6 times higher 
for diethyl ether than for MTBE (Table 1). However, the difference in the degradation rates of 
the two compounds in the Fe-ZSM5/H2O2 system is much more pronounced. The observed 
rate constant for degradation of diethyl ether is 7 times higher compared to MTBE. The 
observed preference of diethyl ether, which is extensively adsorbed by the Fe-ZSM5 zeolite, 
points to a positive effect of adsorptive enrichment in the zeolite pore system on the 
degradation rate. 
UNIVERSITAT ROVIRA I VIRGILI 
THERMODYNAMICS AND REMEDIATION TECHNIQUES FOR FUEL OXYGENATES 
Rafael González Olmos 
ISBN:978-84-691-9865-0/DL:T-149-2009
Thermodynamics and Remediation for Fuel Oxygenates 
 
 251 
Diethyl ether and TCE have very similar rate constants for reaction with hydroxyl radicals. 
Adding diethyl ether and TCE simultaneously to the Fe-ZSM5 suspension resulted in nearly 
the same degree of sorption for the two compounds (Fad = 0.6), as shown in Table 3. 
However, TCE reacted much faster after addition of H2O2. Its pseudo-first order rate constant 
is about 20 times higher than that of diethyl ether. The different reactivities of diethyl ether 
and TCE might indicate that the rate constants determined for homogeneous reaction of 
organic compounds with hydroxyl radicals in the solution phase are not valid for reactions in 
the adsorbed state, e.g. due to another type of transition state for the reaction. Furthermore, the 
presence of reactive species which react with a selectivity different to that of hydroxyl radicals 
cannot be excluded. As a saturated compound, diethyl ether can only be attacked by H-
abstraction, whereas TCE is susceptible for addition of various less reactive radicals as well. 
Despite the fact that most authors adopt the hypothesis that hydroxyl radicals are formed from 
H2O2 in iron/zeolite systems [21, 25, 26, 34] it has not yet been directly proven.  
The comparison between MTBE and TCE degradation by Fe-ZSM5/H2O2 again shows a 
higher reactivity for TCE, which is probably caused by the combined effect of better 
adsorption and higher reactivity of TCE in this system. 
Finally, the effect of the presence of humic acid on the degradation of MTBE in the Fe-
ZSM5/H2O2 system was studied. Humic substances are ubiquitous constituents of natural 
surface water and groundwater, where they represent an important part of the dissolved 
organic carbon (DOC). The highest concentrations of humic substances are found in brown 
waters of e.g. bogs where DOC concentrations of up to 30 mg L-1 are found [41], although the 
concentration of humic substances in groundwaters is usually below 10 mg L-1 [42]. It is 
reasonable to expect that the humic acid macromolecules cannot enter into the zeolite pores, 
but it is conceivable that humic substances could interfere with the degradation of 
contaminants by adsorption to the external surface of the zeolite, thereby hindering 
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contaminant access to the reactive sites. However, as shown in Figure 6, the performance of 
the catalyst is not significantly affected even at a relatively high humic acid concentration of 
100 mg L-1. This finding opens up the prospect that the catalyst may be suitable for the 
treatment of contaminated natural waters with moderate or even high humic acid contents. 
 
Figure 6. Oxidation of MTBE in the absence (∆) and presence (○) of humic acid in an aqueous suspension of 
Fe-ZSM5 (Ccat = 25 g L
-1
, C0,MTBE = 100 mg L
-1, C0,HA = 100 g L
















3.5 Investigations with Fe-Beta zeolite exhibiting larger pore size  
In order to see how the zeolite pore size affects the adsorption of MTBE and consequently the 
performance of the chemical oxidation, the iron-containing Fe-Beta zeolite with larger pore 
size was used. While MTBE appears to be slightly too large to neatly fit into the 10-ring pores 
of ZSM5, the fitting into the 12-ring pores of the Beta zeolite is expected to be much more 
favorable (see Table 1). As shown in Figure 2, Fe-Beta has a much higher adsorption affinity 
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for MTBE than Fe-ZSM5 has. In experiments with 100 mg L-1 of MTBE and 5 g L-1 of 
catalyst, an adsorption degree of 10% was found for Fe-ZSM5, whereas for Fe-Beta it was 
90%.  
Figure 7 shows the results of batch experiments where the two catalysts were applied under 
identical conditions. The catalytic activity for MTBE degradation at the applied concentration 
of H2O2 (6 g L-1) is 4.2 · 10-3 L g-1 min-1 for Fe-ZSM5 and 1.6 · 10-4 L g-1 min-1 for Fe-Beta.  
As stated above, the catalytic activity for H2O2 decomposition is two orders of magnitude 
lower for the Fe-Beta catalyst compared to Fe-ZSM5. However, the activity for MTBE 
degradation is lower only by a factor of 20.  
 
Figure 7. Oxidation of MTBE (C0,cat = 25 g L
-1
, C0,MTBE = 100 mg L
-1, CH2O2 = 6 g L
-1) using Fe-ZSM5 (○) and 
Fe-Beta (□). 
t (min)















It is reasonable to assume that a lower activity in H2O2 decomposition leads to a 
proportionally lower steady-state concentration of hydroxyl radicals (or any other reactive 
species formed from H2O2). Therefore, the MTBE degradation rate should be lower with Fe-
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Beta than with Fe-ZSM5. This was indeed observed; however, the decrease in the degradation 
rate of MTBE is lower than expected.  
In order to compare the efficiency of H2O2 utilization for contaminant degradation in the two 
catalyst systems, the ratio of the moles of H2O2 consumed per mol of MTBE degraded was 
calculated for the initial reaction period, i.e. until the 100 mg L-1 initial concentration of 
MTBE in the catalyst suspension was reduced by 50%. This ratio (moles H2O2/mol MTBE) 
was 310 for Fe-ZSM5 and 47 for Fe-Beta as catalyst (at Ccat = 25 g L-1, CH2O2 = 6 g L-1, 
C0,MTBE = 100 mg L-1). Consequently, comparing the two catalysts, H2O2 is more efficiently 
utilized for MTBE degradation in the case of Fe-Beta. This is plausible, taking into account 
the better adsorption of MTBE by this zeolite, leading to stronger enrichment of MTBE in 
proximity to the catalytically active sites. 
 
3.5. Effect of washing the catalyst 
Leaching of iron is a critical parameter for the stability of the catalyst under environmental 
conditions. In order to see how the possible leaching of iron and the use of tap water can affect 
the catalytic activity of the Fe-zeolites, for each catalyst parallel experiments were conducted: 
I) in deionized water, II) in tap water and III) in tap water after 4 washing steps (5 g catalyst 
suspended in 100 mL of tap water, shaken for 1 h, than centrifugation).  
In the series of experiments with Fe-ZSM5, the catalyst concentration was 5 g L-1, the 
hydrogen peroxide concentration was maintained at 4.5 g L-1 and the initial MTBE 
concentration was 100 mg  L-1. The pseudo-first-order rate constant for MTBE degradation in 
case I) was (0.51 ± 0.04) h-1 while for the cases II) and III) it was (0.23 ± 0.01) h-1 and (0.22 ± 
0.01) h-1, respectively.  
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In the series with Fe-Beta, the conditions were Ccat = 50 g L-1, CH2O2 = 6 g L-1 and C0,MTBE = 
100 mg L-1. With this catalyst the MTBE reaction rate constant for case I) was (0.55 ± 0.03) h-
1 while for the cases II) and III) it was (0.43 ± 0.01) h-1 and (0.45 ± 0.04) h-1, respectively. 
These results show that MTBE degradation in tap water is slightly slower than in deionized 
water under otherwise identical conditions. This means that the inorganic components of tap 
water (e.g. bicarbonate) do not out-compete the organic pollutant MTBE. The washing steps 
did not significantly change the catalytic activity of the two Fe-zeolites for MTBE degradation 
in tap water. That means that the catalytically active iron species of the studied Fe-zeolites are 
fairly stable against leaching by tap water. In future studies their long-term stability will be 
tested in column experiments. 
 
3.6. Comparison of the catalysts 
In principle both materials under study, Fe-ZSM5 and Fe-Beta, are applicable as catalysts for 
the oxidation of MTBE in water with H2O2. Fe-ZSM5 has a higher catalytic activity for H2O2 
decomposition and MTBE degradation. However, Fe-Beta has a considerably higher 
adsorption capacity for MTBE due to a more favorable fit of molecule and zeolite pore size.  
For the technical realization of an oxidation process using Fe-zeolites as catalyst, adsorption 
and reaction can be combined in I) a simultaneous or II) an intermittent operation mode. In 
mode I), H2O2 is continuously fed to the contaminated water stream which enters the reactor. 
In mode II), MTBE is removed from the contaminated water primarily by means of adsorption 
on the Fe-zeolite combined with intermittent regeneration of the spent adsorbent by flushing 
with H2O2 solution.  
Comparing the two catalysts, the better adsorption of MTBE in the case of Fe-Beta might 
compensate the disadvantage of its lower catalytic activity in both modes of operation. In 
mode I), the lower catalytic activity would call for longer residence times in the reactor in 
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order to achieve a given extent of contaminant removal. However, at the same reactor size, 
longer residence times are indeed already achieved with Fe-Beta than with Fe-ZSM5 due to 
the fact that there is a much stronger adsorptive retardation of MTBE. In case II), lower 
catalytic activity increases the duration of the adsorbent regeneration stage. However, the 
higher adsorption capacity of Fe-Beta allows a higher throughput of contaminated water until 
regeneration becomes necessary. Furthermore, the more efficient utilization of H2O2 for 
MTBE degradation in the case of Fe-Beta is certainly advantageous for the reduction of the 
operating costs.   
Detailed column studies with the two types of catalysts will have to be conducted in order to 




Adsorption isotherms of MTBE on Fe-ZSM5 and Fe-Beta were studied, showing that Fe-Beta 
has a higher adsorption capacity for this compound. The adsorption/desorption kinetics were 
found to be similar for the two catalysts. Under identical reaction conditions, Fe-ZSM5 
showed a higher catalytic activity for H2O2 decomposition and MTBE degradation. However, 
the utilization of H2O2 for MTBE degradation was more efficient in the case of Fe-Beta.  
Attention was paid to the formation of TBA and TBF, being possible dangerous intermediate 
products of MTBE oxidation. While TBA was formed only in trace amounts, TBF represents 
a significant intermediate which, however, is subject to fast further degradation. 
Results of competition experiments using Fe-ZSM5 and compounds with different adsorption 
tendencies on this zeolite point to the positive effect of adsorption in the reaction. This is 
plausible since adsorption leads to enrichment of the contaminant in the vicinity of the 
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reactive sites. The presence of a high concentration of humic acid (100 mg L-1) did not 
negatively affect the performance of the catalyst. 
In summary, the Fe-zeolites studied are promising catalysts for the oxidative degradation of 
MTBE in water using H2O2. In contrast to homogeneous catalysis by dissolved iron ions 
(classical Fenton reaction), these heterogeneous catalysts work at neutral pH and can be 
applied in a fixed-bed reactor whereby the iron is immobilized.  
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• The new data studied in this work, improve the database of the defined thermodynamical 
matrix around a 48 %.  
 
• New densities and speeds of sound of 12 pure compounds at 278.15-323.15 K range and 25 
binary systems at 288.15 – 323.15 K range have been studied. Three isobaric vapor-liquid 
equilibriums data at 101.3 kPa, not previously reported in the literature, have been 
measured. Finally the water solubility of the most used oxygenated additives in gasoline (4 
ethers) was studied as temperature function. Data were tested and considered 
thermodynamically consistent. 
 
• The effect of temperature on the processes of adsorption and aeration has been studied 
from a thermodynamical and kinetic point of view being found that a high temperatures 
both removal processes increases their efficiency. The ETBE capacity to be adsorbed into 
GAC is higher than for MTBE. In the same way ETBE is easier removed by BAS. 
 
• A new ionic liquid has been developed and used successfully in order to dehydrate MTBE. 
The influence of the temperature in the process was analyzed. 
 
• Fe-Containing zeolites have been proved as suitable catalyst in order to oxidize MTBE and 
its more problematic degradation products with hydrogen peroxide in Fenton-like reaction 
at neutral pH conditions. 
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4.2 FUTURE WORK 
 
• Complete the binary thermodynamic database. 
 
• Test the statistical EOS with experimental binary information and model multicomponent 
mixtures. 
 
• Develop the applicability of Fe-Containing zeolites and combine it with physical processes 
such us aeration or adsorption and/or biological processes. 
 
• Develop and characterize new ionic liquids in order to develop new extractants, azeotropic 
modifiers, adsorbents or catalysts. 
 




UNIVERSITAT ROVIRA I VIRGILI 
THERMODYNAMICS AND REMEDIATION TECHNIQUES FOR FUEL OXYGENATES 
Rafael González Olmos 
ISBN:978-84-691-9865-0/DL:T-149-2009





A1 List of tables and figures 
 
List of tables 
Table 1.1. Physico Chemical properties of oxygenated compounds. 
Table 2.1. Physical properties of pure compounds: Density ρ, and speed of sound u, at 298.15 K. 
Table 2.2. Experimental systems studied. 
Table 3.1. Physical properties of pure compounds: Density ρ, and speed of sound u, at 298.15 K. 
 
List of figures 
Figure 1.1. Production of fuel oxygenates in Europe in 2005. 
Figure 1.2. Molecular structure of the most used fuel oxygenates additives. 
Figure 1.3. Movement of fuel oxygenates in the environment. 
Figure 2.1. Binary interaction matrix. 
Figure 2.2. Diagram of density and sound analyzer DSA 5000. 
Figure 2.3. Diagram of VLE cell. 
Figure 2.4. Diagram of water solubility experiment. 
Figure 3.1. Schematic of Batch Air Stripping cell. 
Figure 3.2.  Schematic of adsorption cell. 
Figure 3.3. Schematic of ionic liquid synthesis reactor.  





UNIVERSITAT ROVIRA I VIRGILI 
THERMODYNAMICS AND REMEDIATION TECHNIQUES FOR FUEL OXYGENATES 
Rafael González Olmos 
ISBN:978-84-691-9865-0/DL:T-149-2009
Thermodynamics and Remediation for Fuel Oxygenates 
 
 264 
A2 Table 2 of the article “Influence of temperature on Thermodynamic Properties of 
Methyl tert-butyl Ether (MTBE) + Gasoline Additives” (Chapter 2.4.2). 
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ISI category (àrea ISI): Environmental Sciences 
Impact index (índex d’impacte): 2.739 AIF (AIF): 2.028 
Position in the category (àrea ISI): 24/160 
 
Authors (autors): R. González-Olmos, M. Iglesias, JM. Goenaga, JM. Resa 
Title (títol): Influence of Temperature on Thermodynamic Properties Methyl tert-Butyl Ether (MTBE) + 
Gasoline Additives. 
Journal (revista): International Journal of Thermophysics 
Volume (volum): 28 Pages (pàgines): 1199-1227 Year (any): 2007 
ISI category (àrea ISI): Thermodynamics 
Impact index (índex d’impacte): 0.698 AIF (AIF): 1.132 
Position in the category (àrea ISI): 27/43 
 
Authors (autors): R. González-Olmos and M. Iglesias 
Title (títol): Temperature Influence on Mixing Properties of Ethyl Tert Butyl Ether (ETBE) + Gasoline 
Additives. 
Journal (revista): Journal of Chemical Thermodynamics 
Volume (volum): 39 Pages (pàgines): 1557-1564 Year (any): 2007 
ISI category (àrea ISI): Thermodynamics 
Impact index (índex d’impacte): 1.939 AIF (AIF): 1.132 
Position in the category (àrea ISI): 4/43 
 
Authors (autors): R. González-Olmos, M. Iglesias, JM. Goenaga, JM. Resa 
Title (títol): Vapor-Liquid Equilibria for Binary Mixtures Containing Ethyl tert Butyl Ether (ETBE) + (p-Xylene, 
m-Xylene and Ethylbenzene) at 101.3 kPa. 
Journal (revista): Physics and Chemistry of Liquids 
Volume (volum): 45 Pages (pàgines): 515-524 Year (any): 2007 
ISI category (àrea ISI): Physics, Condensed Matter 
Impact index (índex d’impacte): 0.854 AIF (AIF): 1.993 
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Authors (autors): M. Iglesias, S. Mattedi, R. González-Olmos, JM. Goenaga, JM. Resa 
Title (títol): Measuring and Modelling Experimental Densities and Ultrasonic Velocities of Aromatic and 
Halogenated Pollutants 
Journal (revista): Chemosphere 
Volume (volum): 67 Pages (pàgines): 384-395 Year (any): 2007 
ISI category (àrea ISI): Environmental Sciences 
Impact index (índex d’impacte): 2.739 AIF (AIF): 2.028 
Position in the category (àrea ISI): 24/160 
 
Derived from other resaerch lines difeferents to the thesis 
 
Authors (autors): M. Iglesias, R. Garcia-Muñoz, R. González-Olmos, D. Salvatierra 
Title (títol): Synthesis of New Short Aliphatic Chain Ionic Liquids and Influence of Temperature on 
Thermodynamic Properties. 
Journal (revista): Fluid Phase Equilibria 
Volume (volum): Enviat Pages (pàgines): Year (any): 2008 
ISI category (àrea ISI): Thermodynamics 
Impact index (índex d’impacte): 1.506 AIF (AIF): 1.132 
Position in the category (àrea ISI): 5/43 
 
Authors (autors): M. Iglesias, A. Torres, R. González-Olmos, D. Salvatierra  
Title (títol): Effect of Temperature on Mixing Thermodynamics of a New Ionic Liquid: 2-Hydroxy 
Ethylammonium Formate (2-HEAF) + Short Hydroxylic Solvents. 
Journal (revista): Journal of Chemical Thermodynamics 
Volume (volum): 40 Pages (pàgines): 119-133 Year (any): 2007 
ISI category (àrea ISI): Thermodynamics 
Impact index (índex d’impacte): 1.939 AIF (AIF): 1.132 
Position in the category (àrea ISI): 4/43 
 
Authors (autors):  I. Cota, R. González-Olmos, M. Iglesias, F. Medina 
Title (títol): New Short Aliphatic Chain Ionic Liquids: Synthesis, Thermodynamics and Catalitic Activity in aldol 
Condensation. 
Journal (revista): Journal of Physical and Chemistry B 
Volume (volum): 111 Pages (pàgines): 12468-12477 Year (any): 2007 
ISI category (àrea ISI): Chemistry, Physical 
Impact index (índex d’impacte): 4.086 AIF (AIF): 2.676 
Position in the category (àrea ISI): 19/110 
 
Authors (autors): R. González-Olmos, M. Iglesias, JM. Goenaga, JM. Resa 
Title (títol): Isobaric Phase Equilibrium of the Ternary Mixture Ethanol + Water + 2-Propanol. 
Journal (revista): Physics and Chemistry of Liquids 
Volume (volum): 45 Pages (pàgines): 683-693 Year (any): 2007 
ISI category (àrea ISI): Physics, Condensed Matter 
Impact index (índex d’impacte): 0.854 AIF (AIF): 1.993 
Position in the category (àrea ISI): 38/61 
 
Authors (autors): M. Iglesias, R. González-Olmos, D. Salvatierra, JM. Resa 
Title (títol): Analysis of Methanol Extraction from aqueous solution by n-hexane: Equilibrium diagrams as a 
function of temperature. 
Journal (revista): Journal of Molecular Liquids 
Volume (volum): 130 Pages (pàgines): 52-58 Year (any): 2007 
ISI category (àrea ISI): Physics, atomic, molecular & chemical   
Impact index (índex d’impacte): 0.982 AIF (AIF): 2.330 
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Authors (autors): JM Goenaga, R. González-Olmos, M. Iglesias, JM. Resa 
Title (títol): Measurement an Modelling of Phase Equilibria for Ethanol + Water + Methanol at Isobaric 
Condition. 
Journal (revista): Journal of Chemical and Engineering Data 
Volume (volum): 51 Pages (pàgines): 2114-2120 Year (any): 2006 
ISI category (àrea ISI): Chemical Engineering 
Impact index (índex d’impacte): 1.729 AIF (AIF): 1.390 
Position in the category (àrea ISI): 20/114 
 
Authors (autors): JM Goenaga, R. González-Olmos, M. Iglesias, D. Pozuelo, JM. Resa 
Title (títol): Measurement an Modelling of Phase Equilibria for Ethanol + Water + 1-Pentanol at Isobaric 
Condition. 
Journal (revista): Korean Journal of Chemical Engineering 
Volume (volum): 23 Pages (pàgines): 631-637 Year (any): 2006 
ISI category (àrea ISI): Chemical Engineering 
Impact index (índex d’impacte): 0.747 AIF (AIF): 1.390 
Position in the category (àrea ISI): 59/114 
 
Authors (autors): L.M.C. Silva, S. Mattedi, R. Gonzalez-Olmos, M. Iglesias 
Title (títol): Azeotropic behaviour of Benzene+ Cyclohexane + Chlorobenzene. Ternary Mixture using 
Chlorobenzene as Entrainer at 101.325kPa. 
Journal (revista): Journal of Chemical Thermodynamics 
Volume (volum): 38 Pages (pàgines): 1725-1736 Year (any): 2006 
ISI category (àrea ISI): Thermodynamics 
Impact index (índex d’impacte): 1.939 AIF (AIF): 1.132 
Position in the category (àrea ISI): 4/43 
 
Authors (autors): JM Goenaga, R. González-Olmos, M. Iglesias, D. Pozuelo, JM. Resa 
Title (títol): Liquid-Liquid Equilibrium Diagrams of Ethanol + Water + (Ethyl Acetate or 1-Pentanol) at Several 
Temperatures. 
Journal (revista): Journal of Chemical and Engineering Data 
Volume (volum): 51 Pages (pàgines): 1300-1305 Year (any): 2006 
ISI category (àrea ISI): Chemical Engineering 
Impact index (índex d’impacte): 1.729 AIF (AIF): 1.390 
Position in the category (àrea ISI): 20/114 
 
 
Congress contributions (contribucions a congressos) 
 
Authors (autors): R. Gonzalez-Olmos, I. Cota, F. Medina, M.Iglesias, D. Gomez-Diaz, J.M. Navaza 
Title (títol): Physicochemical properties of new protic ionic liquids 
Congress (congrès): 11th Mediterranean Congress of Chemical Engineering 
Format (poster or oral) (format oral o pòster): Poster 
Publication (publicació): Abstracts of the 11th Mediterranean Congress of Chemical Engineering 
Dates (dates): 21-24 d’Octubre del 2008  Place (lloc): Barcelona, Spain 
 
Authors (autors): I. Cota, R. Gonzalez-Olmos, M.Iglesias, F. Medina, J. Sueiras 
Title (títol): Catalytic activity and recycling of a new family of ionic liquids in aldol condensation reactions. 
Congress (congrès): 14th International Congress of Catalysis 
Format (poster or oral) (format oral o pòster): Poster 
Publication (publicació): Abstracts of the 14th International Congress of Catalysis 
Dates (dates): 13-18 de Juliol del 2008  Place (lloc): Seul, Korea 
 
Authors (autors): J. Sierra, E. Marti, A. Mengibar, R. Gonzalez-Olmos, R. Cruañes 
Title (títol): Effect of a New Ammonium Based Ionic Liquids on Soil Microbial Activity 
Congress (congrès): 8th SETAC 
Format (poster or oral) (format oral o pòster): Poster 
Publication (publicació): Abstract Book of the 8th SETAC: World under stress : scientific and applied issues in 
environmental toxicology and chemistry 
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Authors (autors): I. Cota, R. Gonzalez-Olmos, F. Medina, M.Iglesias 
Title (títol): Catalytic Activity of New Short Aliphatic Chain Ionic Liquids in Aldol Condensation Reaction 
Congress (congrès): 8th Eruopacat 
Format (poster or oral) (format oral o pòster): Poster 
Publication (publicació): Europacat VIII Abstracts 
Dates (dates): 26-31 de Agost del 2007  Place (lloc): Turku, Finland 
 
Authors (autors): M. Iglesias, R. Gonzalez-Olmos , R. Garcia, D. Salvatierra D, S. Mattedi. 
Title (títol): Synthesis and Influence of Temperature on Thermodynamical Properties of New Ionic Liquids 
Congress (congrès): 1st International Congres of Green Process Engineering GPE 
Format (poster or oral) (format oral o pòster): Poster 
Publication (publicació): GPE Abstracts 
Dates (dates): 24-26 de Abril del 2007  Place (lloc): Toulouse, France 
 
Authors (autors): R. Gonzalez-Olmos , M. Iglesias,  J.M. Goenaga, JM. Resa, S. Mattedi. 
Title (títol): Phase Equilibria and Thermodynamic Properties of Binary Mixtures Containing Oxigenated and 
Aromatics Compounds 
Congress (congrès): 7th Iberoamerican Conference on Phase Equilibria and Fluid Properties for Process Design 
EQUIFASE 2006 
Format (poster or oral) (format oral o pòster): Poster 
Publication (publicació): Equifase 2006 Abstracts 
Dates (dates): 21-25 de Octubre del 2006  Place (lloc): Morelia, Mexico 
 
Authors (autors): B.M.R.P. Santos, R. Gonzalez-Olmos ,S. Mattedi, M. Iglesias 
Title (títol): Thermophysical Properties For Ethers Used in fuels 
Congress (congrès): 16th Congresso Brasileiro de Engenheria Química COBEQ 2006 
Format (poster or oral) (format oral o pòster): Poster 
Publication (publicació): COBEQ 2006 Abstracts 
Dates (dates): 24-27 de Setembre  del 2006  Place (lloc): Morelia, Mexico 
 
UNIVERSITAT ROVIRA I VIRGILI 
THERMODYNAMICS AND REMEDIATION TECHNIQUES FOR FUEL OXYGENATES 
Rafael González Olmos 
ISBN:978-84-691-9865-0/DL:T-149-2009




UNIVERSITAT ROVIRA I VIRGILI 
THERMODYNAMICS AND REMEDIATION TECHNIQUES FOR FUEL OXYGENATES 
Rafael González Olmos 
ISBN:978-84-691-9865-0/DL:T-149-2009
